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“Thus far have I proceeded in an inquiry 
founded, as it must appear, on the basis of 
experiment; in which, however, conjecture hes 
been occasionally admitted in order to present 
de persons well situated for such discussions 
objects for a more minute investigation. In 
the meantime I shall continue te prosecute this 
iauquiry, encouraged by the hope of its beconing 
essentially beneficial to wankind.” 


Edward Jenner 
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1. INTRODUCTION 


During the sueser of 1964 the author was afforded the opportunity 
to travel and study in India, and it was in Madras at the Infectious 
Diseases Hospital that he saw his first cases of smallpox. Although 
little in the way of therapy could be offered the patients, a study in 
this hospital a few yeurs carlicr had demonstrated that a compound called 
N-wetnyl-isstin-B-thiesemicarbazene was of prophylactic benefit ia 
smallpox but was ineffective once clinice!] disease had appeared (26). 

The Department of Phareacelagy at the Tale School of Medicine has 
for many years been engaged in the search for effective antagonists to 
the biosynthesis of nucleic acids. The goal has been to develep arents 
which might be useful in the treatment of neoplastic disease. One of 
the moat exciting developments arising frow these studies has been the 
demonstration that some of these compounds possess antiviral activity 
against viruses’ enataining deoxyribenuclelic acid (TWA), Among these 
§-lede-2'-deoxyuridine and 6-azeuridine have been particularly promis- 
ing, and it bas been suggested that they might be useful in the treat- 
ment of severe ONA-virus infections such as swallpox, 

This thesis reports an sxporiment in which a severe systemic pox~ 
virus infection was created in rabbits with veccinia, a virus closely 
related to smallpox. An attempt has bine made to compere the antiviral 
activity of H-methyl-isatin-B8-thicseeicarbazeons, 5-iado-2'-deoxyuridine 


and G-azauridine in this syste, 
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As part of this study, @ review of the pathogenesis of poxvirus 
infections and previous experience in the chenetherapy ef viral infec- 
tions with these three agents has been undertaken, The mechanisas of 
viral infections have been discussed in a mumber of general reviews 
(13, 19, 57, 58, 130, 171, 184, 240, 254, 262). More specific infor- 
mation on the group of poxviruses has also appeared (75, 91, 82). 
Summarys of developments in the chemotherapy of neoplastic disease 
contain much thet is relevant te the field of antiviral chemotherapy 
(47, 145}. Progress in antiviral chemotherapy itself has been examined 
by many authors (222, 242, 244, 245, 246). PFardliarity with the broad 
range of problexs In poxvirus infections and previous experience in 
antiviral chemotherapy way contribute te an understanding of the systes 
that has been empleyed in this experisent. It forns a background 
against which the results may be evaluated and criticized, More in- 
portant ly, it is honed that such knowledge will suggest farther studies 
which may contribute to the continuing search for an effective agent 


ageinst clinical smallpox. 
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11. DiE PATHOGENESIS OF POXVIRUS INFECTIONS 
Fonvirus Infections in Animal Hosts 


Barly observations 

The occurrence of the generalized cutaneous eruption socn after 
the onset of sywptoms in smallpox early led to the asaumption, 30 ob- 
vieus at first glance, that the disease wag one of the epidersis. 
Thinking of this sort hampered experivental efforts to understand the 
nature of similar pexvirus discases in animales, Even when vires had 
been ineculeted intravenously rather than through the usual cutancous 
route, attention was directed to lesions in the skin, mucous werbranes 
and genitalia, It was not until 1929 that a proper understanding of 
the pathogenesis of poxvirus infection began to take form. 

The production of lesions in the visceral organs as a result of 
poxvirus infection had received scant attention before Seuglas, Sith 
and Price meade their inportant observations (73). In preliminary 
studies only a fer lesions had beon seen in the lungs and liver and 
these were neither widespreed ner severe, It waa net until rabbits 
were inuculated intratesticularily with vaccinia that aignificant 
disease appeared, As they described it, “the most constant and 
striking feature at autepsy, apart from the condition of the testes 
themselves, wan the presence of a clear, strav-celored peritonea) 
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winutes after withdrawal; oceasiomally it was turbid and tinged with 
bleod.” Previous studies with neurevaccinia bad been reported to be 
inecugus, but taking this testicular strain of waccinia they proceeded 
to incqulate vebbits intraperiteneally and produced à fatal infection, 
At autopsy the per tonaum was congested, showing punctate hemorrhages. 
The ebdowinel cavity contained s seeigelatinews fluid, and thare were 
numerous fibrous adhesions, The liver wag sprinkled with “small round 
white spots“; the splees likewise, The adrenals were soft and friable, 
the onentum rolled up inte a sausage shaped mass.” There was intense 
hemorrhagic congestion of the uterus and bladder, and the lunge showed 
“glistening greyisk nodules with a hemorrhagic spot in the centre,“ 
The demonstration of severe internal involvement together with 
later iselation of virus clearly demonstrated the generalized nature of 
this poxvirus infection, Ne speculations were offered as to the path- 
ways of infection or the types of cells involved. It remained for 
Ledingham to deliver the final blow to the notion that veecinia had a 
specific “epidersetropian” (159), in studies om the histolosy of vee- 
cinial skin lesions in rabbits, after either subcutaneous, intrageri - 
toneal or intrasplenic inoculation, he found the virus had little 
affinity for “epibiagtic" elements. In all cases the shin lesions were 
lesions of the lecal retleulo- endothelial system, Shen India ink was 
inoculated locally, either pricr to or at the tine of infection with 
vaccinia, Ledingham ebserved hyperplasia ef local reticulo-endothelial 


slements (360). Ne skin lesions were produced, aven when the virus was 
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inoculated as much as 49 days later. India ink wag ineffective when 
given intravenously, and by itself did not kill the virus. 

These important observations on the rele of the reticulo-endotheli ai 
system in vaccinia infection were later extended by Beard and mis (28), 
They found that Kupffer cells iselated in vitro and then aixed with 
vaccinia, would, om ineculatiosn in the rabbit shin, cause suppression 
ef a normal vaceinlal lesion. This suppression was not due te toxic 
products of autolysed transferred colis, ner to any chrculeting gaeter 
im the serum ef the host, At the same time, the apparently paradoxical 
observation was made that Kupffer ceils ineculeted with vaccinia and 
maintained in witro supported rather than suppressed viral growth, the 
eli remaining in good condition. In bath cases, the Kupffer cells 
were obtained from animals nat previously sensitized te vaccinin and 
the authors offered ne explanation for their Pindings. 

An initial understanding of the pathways of established poxvirus 
infection grew out of the work of Yoffey and Sullivan (264), They ad- 
ministered vaccinia intranasally te rabbits and at timed intervals 
collected samples Prow the cervical and thorecic lywoh ducts, blood and 
from cerviesl and mesenteric lymph nodes. Virus was found in the cer~ 
vicsi lyaph 12 howrs after infection. It was shown to pass throws 
lywph nodes and appeared in the theracic duct in suall concentrations. 
Of great leportance was their confixvmation of Smith's serlier observa- 
tion that virus wes fixed by clrealating white biced ceils (2. 


Yoffey found vaccinia fixed te lymphocytes and in this state the virus 
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wes pretected fran neutralization by ontisera, Falybirother's previous 
and conflicting findings (33) thet cireulating white blood cells plus 
antisera covld be mere destructive to virus than antisera slene left 
open the question of the specific rele of lymphocytes, but Yoffey and 
Bullivan suggested that the ebility of virus to pass through lymph 
nodes wight be the result of their assecclation with lymphocytes, and 
thet the perivascular aceimulst len of lyaphocytes in the later lesions 
of vactinia infection wight reflect the cells having carried the vires 
te these sites. 


habbit 


x, cotwonelia and .- theory ef pathogenesis 

While early progress in the slucidetion of the pathogenesis of pax 
virus infections was wade with vaccinia, subsequent advances heve been 
made largely through the study of two closely related viruses, rabbit~ 
por and ectromlia, Rabbitpex Hrst appeared at the Rockefeller Ineti- 
tute in 1932, apparently es an offshoot ef a strain of neurevaccinie 
(112, 213). Tris views, and to an even greater extent the Utrecht strain 
isolated later, is highly virulent fer rebbite, There is a shert inen- 
bation veriod of from three to six days before the onset ef anorexia, 
weight loss, maleige, dlarrkes end fever, A purulent discharge appears 
in the eyes and nose and pock-Iihe lesions repidiy appear, firrt at the 
muco~cuteneous junctions and later in the skin, providing the animal 
lives long enomgh. A rash usually appears on the aixth day: and deat) 
1 it oecurs comes 7 ta 12 days after inoculation. Lens eng sre found 


in many internal organs, especially the lungs, Liver and splean, These 
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diffuse nodular lesions are often Found in intieete relation to blead 
vussels , 

Ectromelie became the object of extensive studies by Fonner in the 
late 1940's (88-95). Burnet had rat suggested the clase relationship 
between ectromelie and yercinia by showing that ectronelia would age lux 
tinete the save range of chicken red bived calls as vaccinia, while in 
addition agglutinating Senses celis (40), Penner preceeded te shew that 
ectromelia would easily infect the chick ewbrys and mouse, but nat rab~ 
bits, rate or guinea pigs. 

In the mouse, ectromelia produced a generalized disease, involving 
the skin, lymph nodes, apleen, liver and seny other organs, Theugh it 
hea recently been questioned (35), Fenner thought that natural diseace 
decurrad after the virus entered through abrasions in the skin. Within 
7 to 8 days a primary Eso developed at thin site. Mes either died 
within the next four days ot went on te develop a generalised rash. 
Aniesle dying before the appaarmce of the vash nevertheloss hed virus in 
their skin, Virus could be recovered from sers and apleens of all 
anieale. The Livers shewed gross as well as eleroscepic foi of necra- 
sis, randenly distributed. In severe infection those fecl were sent 
confivuent, and there was @ comaiderable increase in the fat comtent of 
these organs. There were only A accummlatione of lymphocytes around 
porte! trleds, with fewer cells scattered throughout the parenchyea, 
Animals that survived showed no residual florosia. In the spleen virus 


appeared one day earlier than in the liver and lesions were generaliv 
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more severe, with fibrosis often Poellowlng recovery. 

In further experimental studies Penner inoculated mouse foot pads 
with small doses of the highly virulent Moscow strain of ectromelia, and 
constructed growth curves for the virus In foot, spleen, bleed and skin. 
Analysie of his date led to a general interpretation ef the pathogenesis 
of mousepox, which he then extended te other acute exanthema (89). 

e Jong intreduction inte the skin, infective virus established itself 
in regional lymph nodes. After a few days of aultiplication necrosis of 
host cells led to ilberation of the virus inte the blond. Virus from 
this primary viromia was taken wn by phagocytes in the spleen, liver and 
possibly bene nerrow, Infection and multiplication of virus in those and 
contigueus celia led again te necrosis, setting w a secondary virenia, 
This was evident four days after infection, With dissemination virus 
could be recovered from the skin after six days. The primary lesion in 
the skin was evident at about his time, signifying on end ta the neu- 
bation period, Generalized skin iesiens appesred only if viral titers 
in the liver and spleen were sot suck that the animel died before 
sufficient auitiplication had tsken place in the skin, With the onset 
of kim lesions, the animals becane infective and remained so undi the 
scabs had fallen off, uwoually after 18 days. In aniwels that recovered, 
virus concentrations in the spleen began to fall on day 10, anc virus 
disappeared fron the blond on day 12, This cwrrelated stoonty with the 
rise in circulating antibedy, as measured by anti-hemagglutinin titers, 


Fanmar z studies and hypothesia served to explain the long incudat lon 
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period consequent te a two-stage viresia and the onset of syuptau which 
was due te necresis in the prisary focus, the vieceral organs, prior te 
involvement of the secondary focus, the skin. Penner argued thet sulri- 
plication of virus itself, rather than aller“ was responsible for the 
cutencous lesions, In addition, the sherter incubation pariod of oxper~ 
{mental infections produced by either intravenous or intraperitenea] in 
oculation could be explained by the bypass ing of the initial resistances 
offered by regional lywoh nodes prior to primary virewia (88, 90). 


The macrophage and virus infection 
eee te i . nan) eee e eee e eee dee, asg et be . eee ue eee 


up to this time, the pathogenesis of pexvirus infection had been 
etudied primarily by examining tissues fress iy and histelegically and by 
taking tissue sauples at varying times during the infected period and 
assaying the: for virus. Fruitful as these techniques had been, they 
could offer no direct preof es te the site of initiation of infection 
within # particular organ, its spread within that organ and the sartic~ 
wlar cells which supported virus growth, It is enly within the last 
decade thet these problems have been studied with the aid of newer 
fluewescent antibedy techniques, and sany of these questions have now 
beer answered. 

Tha gutetending work of Mins has clarified nan of these prob less 
in poxvirus infections, and has recently been suwmerized in an exceptional 
review (164), Largely because of hie efforts, the pivotel rele of the 
wacrophage hes been elucideted, Tha ieportence of the reticulo-endathelial 


system in clearing the blead of foreign particles has been known for some 
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10 
ting, and oxtengive studies have appeared on the clearance of 3 variety 
of forvign perticles and bacteria. There have been fan studies, however, 
em the clearance of virus particles from the Blend (38, 181), Ras has 
shown that octromelia injected intravenously in mice is cleared froa the 
Blood by the Kupffer cells af the liver. The virus half-iiffs in bia 
is 3 winutes, A swell prepertion of virus remsins uncleared and this 
may be dus to the assecietion of the virus with white blend celle and 
platelets, for this freation is not cleared when transferred te azether 
ina, With Rize Valley Pever virus the situation is semewhat different; 
transfer of the uncleared portion results in prompt clesrance of eli ex- 
cept a sin lar emell fraction, Is this case there way be an equi libriue 
between bleed and aacreghege, with enall amounts of virus being released 
inte the bleed. 

Virus and mecrephage way interact in a number of waye, There nay be 
ne uptake of virus as with pollevirus type 1, or virus say be taken up 
end completely destroyed by the macrephage, The latter seems ta be the 
cage with the miid infections produced by the CL strain of vaccinia is 
mice and ectromalia in the rat (164). Normally infective virus neutral- 
feed by entibedy is also handled in thie manner. With others such as in- 
fluenta end Aft Valley Fever in mice, virus may de taken up by waere 
phages and transferred immediately te adjacent hepatic cells. With the 
poxviruses 31111 another mechanise exists. Here ectromelia, and to a 
leseer extent rabbitpox, are taken up and multiply within macrophages 


before spreading inte hepetic celia, During the first hour after injection 
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11 
ef large doses of eetronalia there is a warked decrease in the aun 
of viral antiges in Kupfer calls, as demonstrated by fluorescent anti- 
body, Later the amount of antigen tnereases, neighboring parenchymal 
calls are soon infected, and within 26-30 hours the mice are dead (182). 
Only a swall proportion of virus is found zn the blood, bile of hepatic 
Zh glands. Individusl macrophages may vary in their ability te take 
ap virus, and Mima hes caleulated that only 1 in 4 macrophages take up 
ectromelis {384}. This is « setter of some significance, for both in- 
herited and aequired differences in susceptibility and resistance to 
virus infection way operate on the sacronhage level (108, 182, 215, 2163. 

Little is known of the factors that may medify the response of 
macrophages te virus infection. In ler given endetexin, for example, 
there is an initial inerease in susceptibility followed by sort pro- 
longed increase in the resiatance to infection by gram negative bacteria, 
With iarge doses of aetrenelis in wien there is 4 sini ler effect, but 
aurprigingly, nal ler deses af getresells tcauge an increase in wortality 
after stimulation with endotoxin (106). Rabbits are especially sensi 
tive to endotexin, and similar studies in this anine! would be helpful, 
Studies wing wiruses not of the poxvirus greup have shown that thore- 
trast bieckade of the reticule-eminthelial system may slow the clearance 
af views, while specific antibedy way accelerate it, ether the latter 
is due te an increased upteke of antibody-coated virus or te an ishibi- 
tion of the release of a certain fraction of virus nermally in equi libriun 
#ith the bleed is act bani (38) . 
Mies hes alse studied the response of the spleen to ectrecelin (184). 


Although it is not a vital organ, its rele in antibody production, the 
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12 
tendency €or circulating lyephocytes and monenuclear celis te localize 
there, and ite own aacrophage system suggest ite deportence ia viral 
infections, A large intravencus dose of the Moscow strain of ectroneiia 
ix rst taken up by sucropheges Lining the sinusoids of the red pulp. 
Virus grows predominantly in perifellicular regions and within 24 howrs 
spreads te the centers of the follicles. There 1s less involvement of 
the ved pulp, Splenic fecl enlarge more rapidly than foci in the liver. 
Virus injected subcutaneously reaches the spleen tee days after infec- 
tien, probably cell bound wether then free, The virus then wultiolies 
In much the game way on after intraweneus inoculation, but interestingly 
there is considerably less invelvesent of the liver. Of special interest 
ere the occagionel follicles which are free of views antigen enc possess 
Ans teac large umounts of BNA, perhaps an indication ef antibody synthesis. 

Reberts hes studied subcutaneous Infection of mice with ectromelia 
{214}, With flueresennt antibody he has demonstrated thet uscrophages 
teke wp virus, support its growth and probebiy cerry it deeper inte the 
dermis. Although the Malpiglian leyer of the epidermis may be infected, 
the dri is far ward lepertent, infection progressing nuch more rapidly 
In this layer, Using tritiated thymidine he has demonstrated dermal 
hyperplasia in a ring iemediately beyand the adwanclag margin of the 
lesion. The local edeme Roberts attributes to cutansous anephylexis, 
theugh it ia net clear how this develops. It is equally conceivable thet 
virus infection of the littoral cells of local caphilaries which have 


phegocytising capabilities sev lead to a breskdown in local vascular 
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integrity. This is na sali peint, for it may be precisely by this 
rachaniew that generalized skin lasten appear and, indeed, the loss ef 
waseular integrity mey play = large rele in the deeth of animals, as will 
be discussed later, it is assumed that regional iyeph nodes play a role 
in the resistance of the host, but with a virulent virus they wight 

supply a twady site for aultiplication and actuelly aid im the dlasem~ 
ination of the Mrus, Hemetegeneus spread must alse be important after 
subcutaneous infection for in beth mousepox and rabbitpex splenic foci cen 
often bs danwonstrated before al! nedes in the line of infection are in- 
volved (30, 184). 


Respiratory infection 


In respiratory infections with ectromelia in mice Reberts has shown 
cheat virus passing beyend the ciliated regions of the respiratory bronch- 
oles is taken up by alveelar macrophages and may crow in these celle 
(213). Mucosa cells are alse infected, Mithin 3 days the alveolar sep 
ta ave invelved and virus say spread via capillaries. The sisultencous 
involvement of gulacnery nodes and the spleen, however, suggest that 
aovement of infected necrophages within perivascular, peribsonchisl and 
pleural lyephatics might be equally important, as suggested by Yoffey 
(264), These lywohetic passages are severely dilated and congestad at 6 
days, when antibedy production begins. Besth, when It occurs, comes 4 
to J days later. 

Further information on the role of the lyephetic systen in reapira- 
tory poxvirus infection has been provided by Bedson and Duckwerth (30), 
Using the highly virulent Utrecht strain af rabbiteex in large doges 


intraneszally, they were able to demonstrate early extensive multiplication 
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of virus in the resplrstoery tract but interestingly, and reminiscent of 
Penner's work in mousepox (48-90), vebbite did not became infectious 
witli day 4 ars, when nasal and conjumetivel discharge wes present. 
ferly virus aultiplication may have taken place in deeper rather then 
superficial tissues af the reanpireatery tract but fluorescent antibody 
studies which etzuld settle this question were not undertaken, Within 
36 hour virus was isolated from deen cervicel nodes, At two days it was 
found in the spleen, Wider dissemination into the bleod and other 
tissues wee appurent the following day. Virus could be iselated only 
froa the buffy cout of the blond, and was not found before the spleen 
wax involved. Fever usually appearad on the second day and it was 
noted at this tims that virus was conteined primarily in the respiratory 
tract, ¢ervice! nodes and in swall amounts in the spleen. Nasal and 
coniunetivel discharge and a generalized rash usually oecurred 2 to 3 
days after the initial fever and were fulsinant om the fifth dey, with 
repidly rising titers of virus in the spleen and Liver. Weakness and 
anorexia were marked, and with the appearance of diarrhea and a decline 
in fevey the rubbits usually died from 8 to lz days efter infection, 

In discussing their results, Bedeon and Duckworth peinted out chair 
sisilarity to those of Ferner in his studies on mousepox, Theis results 
de net clearly estabiich their suggestion that lymphatics are nore im 
port ant then blend vessels as channels for the spread of virus and thet 
the iyuph nodes de nat serve as barriers to infection, Very large doses 


of virus were used to infect their animals. and nodal barriers cowld 
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15 
have sioply been overwhelmed, Also, the spread of virus vie pulmonary 
capiliaries inte the bleed atreas, while discounted by these authors 
and by Reberts, bas not been convincingly ruled cut, Both routes aight 
heve important reles to play. fegarding the mechanism of fever, they 
suggested thet multiplication of virus in the respiratory tract and local 
lyeph nodes beyond the capacity ef the spleen and ether reticule-endothelial 
tissue te remeve it from the blend was an isportent factor. However, 
Mies!’ Gemen K Tak len thet the ability of the rer te clear ectranelia 
was mainteined antil the flaal stages of the disease (181) and the sore 
recent studies of Atkins, Cronin and Isacsen on the role eirculat ing 
lewmotytes might play in the pathogenesis of fever in virus infections 
would suggest that other factors are involved (9). Kies has induced 
bei tens exudates is ice thet were composed of 75% golynorphonuclesr 
leucocytes and dewonstrated with flwrescent entibedy that after two 
hours ectronelia wag extensively taken up by g but act all ef these 
cells, and thet later al? of the cells had lysed without any evidence 
thet virus had wultiplied (384). The knowledge thet polyuworphonucicar 
leucocytes are the major if not the only source of endogeneus pyregen 
Suggests thelr invelvew@at in pen tus fever, but the problem hae not 
been studied. 

Coxebral and peritoneal infection 
The sejor widerstanding of the pathogenesis of pexvirus infections 
hes come from etudies in which wirug was introduced inte the skin, the 


lungs oy directly inte the civeulstion, Other sites of inoculation save 


és | 
ctanpmiug aby ously Qo haves gd? afd «homtemnove.omed quia en 
melee exodd ‘ef Leomnavale oil erz boats ads onmk apkealtgnn 
che be aeavor Atul . d hallt g eee awed den dad anon yd han 

ca crave? 20.geloedpom ods eee et e eee wee ee 

Lasgi bse Joan? yrosantqges oda at bu Be 9 Lg te Dg en 7545 eee 
letledsebay-oluodger ν,?ͥ bes eealge o do. ytioages. ede haved epbon aua 
eee, eee eee ae. e . oat wer} 2h rea a . 

„ ND,it u ola @f t oud d nat bdo: oud tans. nosey evemeb e 

ator: tig ban (181) os ane bo n {aad wee ikamy beaissnian amu 
isslugel> oles odd ao eee bas atnow). ee to antbete, ee, 
zou egetw, at ‘tovet to een oxy awa — 
beowvek sed oma (8) hoviewad ox ogg beds suds B bn 
eee eee eee e te. e eee ee gad) ie ck. eee, weno) 0 

ce tye ee yaodttan eee een wee dae, e 

e to the ee, Syd eee yl qu ee eee eau Hense mused 
smiebive “an teedsie bomyt pad alien. ola. te, ihe vet ad baw 000 

ee eee ee wee ait. e bodlqitian bad ae e gu 
ee eee eee Re comes eee ol? wee e een en ee eee 

gor eit enfernt ad n foveal d . EN 


seta ne to eee n to ee ne 
ols eee ee eee eee anv e aide at eee ee amon aad 
oval eee Y ee eee eee gis ent 1190 % eee 


16 
often been used to study other aspects of infection, However, such less 
is known about the pathogenesis of infection in such Zites as the brain 
and peritoneal cavity, The need fer understanding here ia of great in- 
pertence, for these routes of infection are often used in chemotherapy 
studies. It is Mins again who has contributed to our meager understanding 
in this area. Intracerebrally injected ectromelia, rabbitpox and several 
strains of vaccinia have 311 been shown te grow in the meninges and in 
cells lining the cerebrospinal fluid spaees (183, 184). There is little 
if any growth in the parenchyma of the brain itself. Yet the small 
asommts of virus recovered may be derived from the blood atream, fer it 
has dean shown that with intracerebral injections, mest of the virus 
spills over inte the bleed (183). 

Iw infections of the periteneal cavity some intriguing data have 
been guthored (184), The normal cellular population of the peritoncel 
cavity in sice is wade up of 25% macronheges, 554 lyephocytes, ard 16% 
intermediate feras The wacrophages are found free end on the seresal 
surfaces. When ectromelia is introduced virus can be demonstrated in 
the bleed within « few minutes. The virws is tahen up and multiplies in 
peritones! macrophages and no doubt enters the subdiephragmatic lyephetics, 
Fluorescent antibody studies reveal feel of infection in retrosternal 
nodes after eight hours. After two days there ia waggive destruction 
of peritoneal weacrophages, Of great impertance is the Finding that the 
liver and spleen are not infected via direct spread from the peritencal 


cavity; in fact they are infected later than when virus is given 
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17 
intravenously. Yet intraperitoneal infection is far and away the uus: 
lethal of ectromelia infections in mice; a dose barely infectious sud - 
cuteneousiy routinely causes death (267). The reasons for this are quite 
wuaknown, Secendary aiersbial invasion is & possibility, but Mise hes 
found bacteremia to be uncommem, and tetracyclines do not reduce mortal- 
ity. While this dues net rule out secondary bacterial infection, it 
seems willkely. There is the possibility that peritoneal wacrephages 
may be different in seme respects from other body macrophages. In severe 
infections via other routes macrophages and lyaphecytes are destroyed 
in all sites, with the exception ef ‘the peritoner! cavity. These cells 
way be bypassed by infection, or as Mims has speculated, they may servs 
a3 © source of supply for systemic macrophages, 

Despite these isportant studies, wafer guest lens concerning intra- 
peritoneal infection remain to be investigated: the celinlar response to 
virulont and avirulent viruses, the possibility of factors sssorlated 
with viruleat viruses which inhibit heat defense wechanisms, the role of 
the “tezie” effects of virus, the contributions of immunity, the possi- 
bility of endotoxin sensitisation, end even the role of the tonicity of 
the madiwa in which the injected virus is suspended, These questions 
have been explored in nice infected with staphylococei (89-61) and sin- 
ler studies with wiruses would be of great interest. 

I swmarize briefly, the pathogenesis of poxviras infection in 


avimals has been studied in sousepox and rabbitpox, and te a lesser 
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extent with vaccinia. The temporal course of these Infections hag 
Suggested thet a primary and secondary viremia are characteristic. There 
is disagroesent on whether regional lymph nodes act as barriers to in- 
fection oy facilitate its spread. Virus appears to he orimarily asse 
ated with circulating leucecytes, but again their rele is poorly defined. 
Homatogenows apread may be of primary er sacendsry Importance. 

The involvenent of internal ergaus, particularly those of the 
reticulo-ondothelial system, is well established, Whether the cuteore 
of infection will be recovery, or clindes? (illness with ite toxicity, 
cutaneous lesions and death, way in large part be determined by the 
sature of the virus wacrophsge relationship, The factors specifically 
viral or cellular which determine the outcome of their encounter will be 
among the mager considerations in the remainiug sections on the pathe- 


genesis of poxvirus infection. 


Poxyirus Infection in Cells 


Adgorption and phagocytosis 


SNE RATA 


The initial stage ef poxyirw infection, the adserption of the virus 
particle te bent celia, has been one of the least well understood phases 
of its total cycle of repifcation, Unlike wyxeviruses, little is known 
af the role of cell receptors, specific or non-specific, se nothing can 
be sad except te point out the lack of knewledge in this area. 


Anisal viruses do not peasess the syrings-like mechanism of a 
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bacteriophage which injects ite nuclele acid into ite hest cell. Por in- 
faction by animel viruses te occur, it has been thought the host celi 
plays an active role in this process and the term “wirepexis” was intre- 
duced te describe e process that has only recently been elucidated ($7). 
The werk of Dales and Kelicka has beautifully demonstrated thet vaccinia 
virus ia phegocytised by the hest cell (67, 68, Fig. 1). In a series of 
electron sicroscoplc studies of vaccinia infection in Berle's strain “ 
e ls, vaccinia wes shown te be engulfed by the cell wesbrane within « 
few minutes of adsorption. Te determine whether surfece-attached virus 
could inject ite aucleic acid without being phagocytized, sediue fluor- 
‘kee was used te inhibit phageeytesis, Fluoride had ne effect on edsorp- 
tion bot penetration of the virus was werkedly decreased. Khen fluoride 
wes later resoved, phagecytesis resuned, and the sesbrane-engulfed virus 
particles were transferred inte the cell cytoplase. 

Vaccinia incubated with neutralizing antibedy is net infective, 
Hien virus is adsorbed to cells iueediately prior ta incubation at 37°C 
with antibody it rapidly becomes resistant to newtralisation. Adsorbed 
at 4°C it vougins seutraliaable, suggesting that the rapid resistance 
to neutreliastios at 37°C is dependent upon some fmetion of the cell 
(201). This veslstance is dest probably due to the rapid phagocytosis 
of virus by the sell, separating it from extracel ivier antibody. Hens 
over antibody dees aot prevent the phagocytosis of antibody-coated virus 
(68). Mrus adsorbed te Fluoride treated cells ig still susceptible te 


neutralization by antibody, “nce fluoride is remeved, neutralized virus 
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A phegooytized, Heat inactivated ving is algo taken up, 

ft hes long been Rnaun thet infection with vaceinia preduces char- 
acteristic syteplaenic inclusions. Electron micraseepic (102) and 
flvuercscent antibody atudies (189) left unsettled the question of the 
source of vival DNA (220), Microradicentegraphic stadies by Sheek and 
Megee have provided the answer, Control cultures of Hela cells take up 
tritiated thymidine (ran 73) in the nucleus; infected celle ars labeled 
in the eyteplasm (174, 177). On infection cells prelabeled with Tor-H4 


do not transfer their nuclear label te the cyteplagm, demonstrating 

that hoet cell ONA is not incorporated into new virus (235). Using 5- 
Fier deoxyuridine (PUdR), an inhibiter ef thymidylic acid (Tak) 
biosynthesis, but not its incorporation inte OVA, Salaman has demonstrated 
an inhibition of vaccinia eultiplication in Mela cells, thus preving the 


need for de nove synthesis of Tan (224), The anna present in the eel] 


are Ansuffletert and vivre! DMA 


pyrimidiags . 


ean be formed only from newly synthesized 


Reactivation 


nee inside the host cell, the vaccinia particle passes through « 


latent peried befors ite cycle of replication is complete. During the 


early stages viral integrity is lost. ftudies on chick exbvye monolayers 
(2023 and in a number of tissue culture systens (43, 78, 100} have clearly 
shown that vaecinia enters a true eclipse phase; for a period of several 


hours efter infection virus cennot be recovered from celia which ultimately 
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produce it. The wirus particle is broken down to ite various components. 
It is alse clear that initiation of infection is not a simple matter of 
releasing viral ONA from its pretein coat. Studies on the reactivation 
of inactivated virus suggest that viral protein as well as DNA is neces~ 
sary to initiate infection. Rabbitpox, heat inactivated at 58%, has 
been shown to be recetivated by vaccinia. When heated at 60°C it romeins 
inactive (93). Neat luactivated vaccinia can be reactivated by ect ro- 
welia (119). In such systems infective virus ef both types is produced 
and in some cases recenbinants“ appear, bearing characteristics of 
both parent strains (93), Heat at 55°C does net inactivate viral DRA. 

On the other hand nitrogen mustard can inactivate GNA, and when rabbit 
pox treated with nitrogen mustard is inoculated onte the chorleailantoic 
membrane with heat inactivated vaccinia, pock marks characteristic of 
vaccinia, not rabbitpex are produced (136). Protease inactivated vaccinia 
can be reactivated by ultra-violet irradiated vaccinia (157). It is 
worth noting that the effect of inactivated virus on active virus is not 
always a salubrious one, The multiplicitios of each virus ed K the 
tut co. Hixtures of heat inactivated and active vaccinia inoculated 
inte . cells show an inhibition of virus replication if the Inactive 
virus is present in great oxcess (101). Smaller doses of inactivated 
virus are less inhibitory. Interestingly, this affect is lost if the 
inhibiting virus is heated at 60°C instead ef 56°C, There seems little 
doubt that the integrity of viral protein as well as viral DNA deter- 


nines the initiation and outcese of infection. 
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Following phagocytosis but before the synthesis of new viral OHA 
and protein a complex process of uncoating must take place. In normally 
infected L cells vaccinia virus particles are transferred te the cyte- 
plasw surrounded by the venbrane of the phagecytic vesicie (67, 68). 
This membrane and the outer coat of the virus particle appear to be 
broken down at the same time. The inner core, which encloses viral DNA, 
is not susceptible te thie Initial digestive precess, Inactivation by 
heat or antibody causes the virus particles to remain trapped within the 
mexbranes of their phagocytic vesicles where they are ultinately des ~ 
troyed, Seve undenatured or unblocked cemponent(s} of the outer coat 
seems to be required for the successful transfer of the viral care inte 
the cytoplasm (Fig. 1). 

Viral cores gaining access to the cyteplasm roach their peak con- 
centration 1 hour after infection (68). At this time viral cores begin 
to break down, releasing “naked DHA” inte the cytoplesm, Once released, 
Ma tends to localize in resiens of viroplasn or “factories” where 
Viral replication takes place. The mechanise of release of “naked DNA* 
from the viral core rewains an unsettled problem, In studies on rabbit- 
pos in Hela calls Joklik suggested that the induction ef a new enzyme 
threugh the genetic machinery of the host cell wax essential for the un- 
coating of viral cores (137-139). Virus inactivated by either heat or 
by ultra-violet irradiatien could be degraded to viral cores but no 


further, The inhibition of the uncesting of viral cores can also be 
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correlated with the inhibition of hast call protein synthesis by puro- 
ayein and p-fliverephenylealenine and with the inhibition ef DNA-dependent 
RNA synthesis by actinomycin B. Joklik has concluded that if viral cores 
are to be broken down, & new ensywe wust be synthesized after infection 
and in response only te undenaturod viral protein, This viral protein 
is released when the phagocytic vesicle and outer viral coat are breken 
down, ‘This protein causes a derepression of a portion of host cell DNA. 
Mediated by DNA-dependent REA, a new enzyme is formed which is instru- 
mentel in degrading virel cores, relessing asked QA (197-139). However, 
im L cells it has Deen shown thet actinowyein D dows not completely in- 
hibit the virus controlled inductionef protein (156), Hele cells may 
be more sensitive to actinesycin h than . cells but the need for cellu- 
lay ONA in the induetion of meosting eoanymes i in doubt. On the basis 
af their eleetron-sicroscopic studies, tales and Kajieka have concluded 
that the uncoating of viral DNA is effected by pre-existing enzynes 
mobiliced on the entrance of foreign virel pretein (68, 143). Mest 
imactivated vaccinia does net reach the core stage but is inetead degraded 
inside the phagocytic vesicle. Ultre-vielet irradiated virus reaches the 
core stage normally but is uncested more Slowly. ith actinowycin 2, 
virus particles reach the stage of uncoating and fore normal cyteplassic 
factories, but no infective virus is formed. In this last instance it 
ig apparent that “naked DHA" can be released normally, while the rep 


cation cycle is blocked by actinesycin h only et @ later stage. 
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Initiation end the cycle of replication 

Having traced the progress of the vaccinia particle from adsorption 
and phagocytesis to the finel release of “nuked NR, we must turn to 4 
consideration of the facters invwalved in the synthesis viral DNA end 
protein and the assembly of new infectious virus. Calras has postulated 
that eme infective particle, the “initiator”, accomplishes a critical 
step in the process of infection (43). In normal suspensions of virus, 
the preductien of pocks on CAM shows that there way be anywhere from 12.3 
to 87 particles, a2 counted by the electren sicreseape, for bach pos! 
that is formed (77). Cairns has suggested thet the “initiater” activates 
all of the infecting particles and that each of these in turn sete up a 
separate center of virus aynthesis in the cyteplase (433, Thie gay not 
be true in the strictest sense; the “naked DMA" free a number of cores 
Sens te cose together in discrete portions of the cytoplasm, the so-called 
“factories” (48). There is no morphological evidence to show thet each 
factory is set up by only one “initistor’-activated particle. What is 
clear, hewever, ia the high degree of synchrony that characterizes the 
syathesis ef new virus. Ali the centers of virus synthesis in the el! 
start to open up at the seme time, aud they increase in size, but not in 
uumber with tine (43). This synchrony is alse appsrent on the plaque 
lewel (364), 

A nunber of studies of the tine cycle of vaccinia virus aultiplica- 
tion have been undertaken, utilizing « variety of techniaues. With 


fluorescent antibedy end radieautegraphia techniques in KR celle Cairns 
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has shown that 2 period of 3.5 howrs elapses befere virus protein and 
GNA gynthesia begin (43). Both appear at the sawe time. The centers 
of synthesis geen im size and by 9 hours some ere fused, Yet it ie net 
witli 10 heures that viral DMA end protein are assembled; up until this 
time viral DONA is susceptible to Maste, Loh acd Riggs using cytechen- 
feet and differential fluerescent antibedy techniques in Hela celle found 
an early imereane in cyteplaseic RNA, followed shertiy by a rise in 
cytuplasmic M at 4 hours (168), Fretein entigen appeared at 4 hours, 
nucleoprotein antigen et 6 heurs and by 10 hours they could be found 
together in the same particle. At this tive infective virus wes present. 
Shatkin asiag setabolia inhibitors In bels cells found viral DNA syn- 
thesis from 1.5 to 7 hours, viral protein from 1,3 to 14 hours, a viral 
DNA-protein complex from 2.5 te 14 hours and infective virus formation 
from 5 to 14 hours (231). Other studies have placed the formation of 
viral DBA within a peried of free 0.5 te 6 hours after infection (78, 
81, 186, 224, 233}. Considering the wide range of techniques and the 
variety of virus and cell strains the results are reasonabiy comparable. 
But there ave points of disagreement. Synthesis of viral pretein and 
DNA may begin sieultaneouply or ot separate times; viral ONA-protein 
complexes mey form early or late in the replication cycle. 

Cellular DNA and protein 
Tho observation that tritiated thymidine (TuR-!°) labeled cellular 
OMA is not transferred ta Aral DNA demonatrated the need for de novo 


cytoplasmic synthesis of viral DNA (233). Hest cell DNA is preserved 
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during infection. Cairns found it still functioning at d hours 43), 
Kit and Dubbs found that infection depressed host cell DNA synthesis, 
but that cellular DNA was not appreciably degraded wtil after 13.5 
hauts when the cell was dying (155-155). Ackermann and Lok found a 
slight increase In eellular DMA during infection (I). The fate of 
cellular protein has been less well studied; actinesycin D-inhibited 
wiral multiplication allows for continued celluler protein synthesis 
{242}, There are considerable difficulties in separating cytopissmis 
pretein synthesis into ite cellular and virus-specific camponents, but 
4t as clear that celluler integrity is wainteined untill the very late 
stages of infection. 
RMA and viral protein synthesis 

There is good evidence thet all virsl protein synthesis is not 
dependent upon the continuing synthesis of viral DNA, Sediue azide or 
PUR inhibition of viral ONA synthesis eiiews continued synthesis of 
viral protein (79, 225), Under the electron sicrescope Flidk and mito- 
Wein d inhibition of viral OA synthesis allows continued structural 
protein synthesis but the particles formed are iemature and largely 
deveid of nucleic acid (143). Small amounts of infective virus way be 
formed, but this is most likely due te a conservation of the eriginal 
virel DNA, with ite incerperation into new particies (62, 143). If 
virsl proteins can be synthesised in the absence of DONA, viral DHA can 
be synthesized in the absence of certain virus-specific proteins. 


Actinomycin h inhibition of these proteins aliews viral DNA synthesis 
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to continue unimpeded (143). 

Lest the pression be created that viral protein and DNA synthesis 
axe ontively independent, it ws be remembered that N is necessary for 
the synthesis of BNA, Certain messenger Rats are responsible fer the 
synthesie of apecifie proteins, and s viral RMA would be expected te re. 
suit in the synthesis of specific viral proteins 

Celis infected with veceinia virw produce ENA (159, 167, 168, 226, 
#443. Studies in nela celle have ghown an inecrense in ortoplagmic RNA 
of from 30.100, first apparent at 4 hours and mexdeal at 10 hours, I. 
hibition ef the incerperation of adenine inte RMA by 5,6 dichlore-?-~b- 
eibefuranosyl-bengimadazele inhibits vaccinia replieation (167). The 
careful studies of Ackermann and Loh on vaccinia infection of Hela cells 
in beth renting and grovth phase have dewonstrated an inerease of cyta- 
plasmic SNA of 10% in resting and 55% in growing colis over the levels 


In econtrels (1). Cytoplasmic protein content is increased 969 and 21% 


over tespective cantzel cells, The PNA foreed ie s small nelecular 
weight BNA located in the bell sep. The protein inorease is found in 
particulate fractions of the cytoplasm. In separate studies in Hela 
cells Joklik and Sedrick found chat adenine g- C was incorperated inte 
SA an 311 fractions of control and vaccinia infected cells (154). Al- 


though total anounts of SHA ware higher in the nuclear and witechendrial 


fractions, only the microsomal fraction showed an increase in the rate 
GE ingerporation in infected celle, They were ung le to detersine 


whether this wag due te the increased turnover of pre-existing RNA or 
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the synthesis of a new species of RNA (135). Very recent studies by 
Salrwan, Shathin and Sebring have shown that a viral messenger-2NA of 
high molecular weight appears in cells shertiy after infection and by 
2,5 te 3.5 hours accounts for 80% ef the cyteclasmie RNA (226, 227). 
This mA hes a bese composition quite similar in some but not 411 
pespects ta that of viral DNA, is not associated with ribosomes, and is 
probsbly not gynthesized by the nuclear RuA-palymerase which formes 
cellular ribesomel-RNA. 


Specific viral proteins 


Certain specific viral proteins synthesized during the course of 
infeetion say have 4 structural rele. Othera may have a functlonal role 
aS enzymes utilised in the synthesis of other viral components. There 
way be specific viral proteins without any known structure or function. 
Ns raus qualitative studies on the synthesis of viral proteins have been 
reported, Recently it has been shown that as wany as 15 or wore virus- 
specific preteing may be produced during the cycle of viral replication, 
but it has not been possible te determine which of these are structural, 
which are Functional, and which possess neither of these activities (5). 

Of the proteins which have a functional rele, « 2 te 5-fold inersase 
in the activity of cytoplasmic OXA-polyserazse hes been reported in ex- 
tracts from vaccinia infeeted KB eelis, but it is net clear whether this 
is different from similer enzynes found in wiinfected gells (110, 111, 
178), An imerease in the activity of thymidylate kinase hee alse been 


reported (178). 
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The only detailed studies thet have been reported on the induction 
ef enzywes following poxvirus infection concern the induction of thymi- 
gine Kinase (TdR-kinese), This enzyme acts in the phosphorylation of 
thymidine to form ite monephosphate and sey be importent in the syothests 
of viral DNA. McAusian has found that in Hela cells infected with rabbit 
pox and cowpox thers ie en Increase in TdR«kinase activity to é tines 
that of control levels (177). This activity is induced within 7 heuwrs 
after the tive of infection, and climbs te peak levels of activity at 
9 hours. Ultrs-violet irradiation of the virus has neo effect on the 
induction of this zune, but dees damage t factor thet limits the levels 
of the enzyse after induction, In this instance Ten-kinase activity 
continues to increase after 9 hours, reaching levels 21 te 24 tines 
these in uminfected controls. However, superinfection with non-irradisted 
virus can repress this process. The control of this induction and re- 
pression of Tdk-kinase has been worked aut in careful studies using 
actinesycin , which inhibits ONA-dependent-BNA synthesis, and purony- 
cin, which permits virus to be meoated, but blocks subsequent pretein 
synthesis (173). I has been found that both RNA synthesis and protein 
synthesis ave ossentisl for bath the induction and repression of Fak. 
kinase. If the synthesis of BNA ig allowed te take place, puromycin 
can prevent ita expression by blocking synthesis ef the nen, 

Similer experiments have been conducted in vaccinia infected . cells, 
Using mitomycin ©, en inhibitor which interferes with UNA template and 


may prevent the uptake of TdR inte new MWA, Kht et al, have added 
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support te the ides that ral ONA-dependent-RNA synthesis is needed 
for Tdi-kinase induction, Seppress ton of vaccinia DNA synthesis or 
host cell DNA-dependent-RNA synthesis has no effect om this precess 
136). They have sise studied normal end wut ant strains of beth cells 
and virus which lack the ability to induce TdR-~kinese, It is spparent 
that this enzyne can be induced by either the host cell or the virus, 
and once induced, can be utilized fer either host cell or viral OVA 
aynthesis (76). 


A protein synthesized during the course of vaccinia infection which 


nay have neither a structural ner a fmetienal rele is vatcinial hamag-~ 
giutin (Ha), Loh and Mees were able te demonstrate its appearence by 
fluorescent antibody at 10 heurs, after mature virus hed been formed 
(168). Certain strains of vaccinia exist which de not produce HA (92) 
and yet they way be infective in anſnals and capable of iaducing normal 
amounts of neutralizing antibody (56). Vaceinzal HA can he lnactiveted 
by specific antibody with ne effect on virus ealtiglication (191). Con- 
versely vaccinia multiplication mey be inhibited without appreciabic 
effects on the awounts ef HA formed (192). Loh and Rings have seid that 
HA is simply a by-preduct of vaccinia infection (168). The preblem can- 
not be dismissed this quickiy, It appears that on the CAN, waccinis 
infection yielda 2 hemagglutinina, one sedimenatable HWA which is virus 
specific, the other a “floxzting” NA which is specific for host tissue, 
both normal and infected (265), For unknews ransens in pome etrains of 


vaccinia the loss of UA has been aasociated with extraordinary changes 
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in toxicity (55). At the present ting the precise nature and function 
of vaccinial hemagglutinin remaing an enigre, 

Once the essential ral proteins and DNA haus been synthesized, 
they must be assembled inte complete infective particles and somehow 
Yelensed fro the host cell. The wechanises involved in virus assembly 
are poorly understecd. Studies with fluorescent antibodies have shown 
the classical LS end NP ent gens to come together only after 8-10 hours 
have elapsed, and this coincides with the appearance of nature virus (168). 
There are other atudices in agreement (43) but certain proteins way be 
asecelated with viral ONA wush earlier, before infective virus is present 
(231). On the sorpholegical level, the most recent electron wicroscope 
studies sho thet late in the replication cyele, the guter cost of the 
virus particle encloses « diffuse mass of weterial which conteins viral 
ONA (143). Once this process has bean accomplished, this Internal sater~ 
jal differentiates inte the various components ef the wature viral par- 
ticle, the viral gore, and the tuo lateral bodies [Fig. 1}. NSething is 
known of the biochemical wechunises invelwed in thie procese. 

Fron all that is knows of the replicaties cycle of pouvicuses, it is 
clear thet 11 of the particles multiply at the same rete, reaching 
maturity tegether. This has bee: repeatedly confirmed with aner 
straing of virws in weny cell syetems (78, 109, 187, 193, 201}. In all 
of those studies there hus been only a tiny fraction of infective virus 


released inta the medium mile cells ere atill visble. Senie disruption 
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of colis alles vocovery of practiceliy all of the virus present. There 
may be two methods for the spread of virus from one cell te another. 
Neyes and Watson observed antigen containiag projections fram the crte- 
plasm of infected cells and suggested @ direct cell-to-cell spread through 
cytoplasmic connections (189), On beth CAM and in Hele eel cultures 
the addition of neutralizing antibody te the cells shertiy after infec~ 
tion does not prevent plague format ton (188, 261). This pregresses 
despite the presence of extreceliular entibedy. 

The other manner in which vieus may be released from the cell is 
through the disruption of the call itself (100). This is best considered 
ag part of the subject of väral toxicity in general and will ba dealt 


with da the next section, 


Toxicity of Poxvirus Infections 


In enimesl virus studies there are few aspocts of infection as prerly 
widersteed as the pathogenesis of viral texuicity., It is well-recognized 
that viral multiplication and texicity te the host cell are not necessax~ 
ily related. Sone viruses say cause cytepathic effects (CPE) in one 
type of coll but not another, In similar fashion a single cell sey be 
susceptible te the cytetozica effect of ens Wr but net another, although 
the secend virus ia fully able te replicate, Indeed, inactivated or in- 
hibited viruses aay cause coli death without replicating, The wide 


variations in cell susceptibility and viral toxicity seen in vitro are 
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alse fomd in infections of Role animals and wan, The mechanisms of 
toxicity to the cell and the host way be related to the release of newly 
replicated infective virus. 

Studies with very high concentrations of active vaccinia virus 
have produced toxic effects in L cells (229), nouse and human loucecytes 
{386}, human damen cells (31) and fetal mouse lung cells (36, 37). The 
initial changes have been agglutination ef the cells, followed Later by 
lysis. In leucocytes inactivated virus is alse taxic, but thermally in- 
activated virus fails te cause CPE in L cells and fetal mouse lung cells. 
In human aumnion cells tene changes are less severe with inactive then 
with active virus, Neutralizing antibedy given at the tine of inecula- 
tian may prevent CPE (31, 37, 186}, Virus inactivated by ultra-violst 
ixvadiation may lose its infectivity but retain its ability te produces 
toxicity (37, 186). In each of these systems toxic effects have bean 
seen independent of virus suitiplication. ftudies at lower temperatures 
and with various metabolic inkibiters heve suggested that toxicity is 
not related te the formation ef seluble henagglutinins (37). 

The phenosenen of toxicity has been studied sore carefully in 
embryonic rabbit kidney celis infected with rabbitpex (5). Two effects 
have been seen, If infective virus is being preduced, by & hours the 
cells begin to fuss with one another, This dees not occur in the 
absence of viral multiplication, Frow 2 to 6 hours, however, the cells 


become rounded and this ecewrs even when replication is inhibited by 
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ultra-vielet irradietion of the virus, or by treating the culture with 
sodium azide or isatin-B-thiosenicarbasens, Rounding ef the celia 12 
aceospaniad by the production of at least 15 soluble viral antigens 
which are alse produced durlag a noraal growth cycle, Viral toxicity 
therefore aeems to be related to a partial virus growth cycle, but 
whether any one or more of these antigens is responsible fer toxic 
changes hes not been determined, 

Fros whet hes teen seid above, it dees not seem unreasonable to 
spetuiate thet one or mere factors are produced during the cycle of 
virus teplication thet wight trigger a sechanise in the host cell re- 
Ans ib le for toxic rewiding. The same or perhaps other factors may 
trigger the same or other mechanisms which lead to el lysis and the 
lead of infectious virus, If replication is blecked st a point after 
thie erucial step, celluler changes may continues to run their course in 
the absence of the production of infectious virus. These censiderations 
ail suggest that when toxic er cytopathic effects oceur they are the 
result of a specific procsss set in wetien within the cell by the vires 
as ite replication process unfolds. 

Attention has recentiy centered on the question of whether these 
effeots are dus to the activetion of cellular lysosomes, Allison and 
Sande lin studied thie preblem in monkey kidney celle infected with 
vaccinia (2, . They hewe assayed levels of 2 lysosomal enzymes: B- 
glucuronidase, acid phosphatase, acid protease, ecid Hasse and acid 


Maas, Increased levels of activity for 311 of these enzynes have 
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deen found at 6 hours, a point in time before the appearance of wi cre- 
seopie evidence of cellular damage, This suggests that complete replica- 
tion is sot necessary far theiy activation. It is act aceessary to invoke 
the induction of virus-specific ensyues te explain cytotoxic effects. 
Cellular anoxia, increased acidity secondary to the watabolic effects of 
viral sultiplication, or perhaps a viral protein say zerve ta activate 
these lysesenal enzynes This question has also been studied in a mere 
limited manner by Wolff and Bubel (263), They were wiable te find an 
Increase in i-glucuranidase or acid phosphatase in vaccinia infected 
guines pig spleen ceils, but thelr etudies are not convincing. The 
abselute levele of lysesomel enzynas way not be lapertant, Whet matters 
ia where they are lecated in the cell, and whether or net they are free 
to wet, Further etudies on cellular lysesomes are certain to appear, 
and it is not toc such to expect thet they will provide explanations far 
the release of infective virus from celis and the eytotexicity of pon 
virus infections. 


Poxvirm toxicity an vive 
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Refore discussing the problem of pexvirus toxicity in the amimai 
host, it may not be out of place to sentieon briefly sone recent obser- 
vations on the machenisms of cellular damage caused by other viruses, 
In mee and in aultures of mouse liver and spleen cells infected with 
wease hepatitis virus, alaost complete protection in vive end complete 
prevention ef CPL in vitro can be achieved by treatment with the anti - 


histamine diphenhydramine (256, 267}. This eceurs despite the fact that 
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in both systens virus wultiplies te the sae extent as it dees in con- 
trols, In some way, diphenhydramine protects these sells from a normally 
lethal infection, Mis drug is known to inkhiblt phosphoprotein turnover 
In cell mewbranes, aud this turnover is directly related to an energy 
independent decrease in the transmexbrane movement of water and potass iin 
40 (141). In unrelated studies oa encephelomyocarditia virus infected 
i, cells it has been chewn that early in the course of infection the in- 
flux and efflux of potassium ions is lucressed (87}. Initially the intra- 
cellular potassium concentration is maintained, but later, shortly before 
the release of infective virus, gross permeability changes take place 
and potassium is lost from the 8811. 

These experiments take on importance in the light of recent work 
by boulter, Maber and deren en the physiologic disturbances in fatal 
gabbitpox infections (24). The clinical appearance of dying animals 
plus the knowledge that virus could be isolated in high titers from the 
rens glands at flret suggested that death sight be secendary to acute 
adrenal insufficiency, This wes ruled out on the basis of incespatible 
changes in bleed glucose and serum sodium levels. Blavated levels of 
tlead uree nitrogen and seri: potassium were seen, suggesting the posei- 
bility ef renal failure, This tes was ruled aut. It wae fund thet 
atimals dying with rahoitpex developed a precipitews fall in blead 
pressure 2 to 5 days after the enset of fever, They either died outright 
er maintained wergins, bloed pressures for a day or twa before dying. 


Pressor amines wero entirely without effect in these animale, and only 
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one AA! out of many aproved after a large dose of cortisene., Serum 
potassium levels drawn shortly before death revealed striking rises, 
venging from 8,5 to 31,8 williequivalents per Liter. The mean sera 
potassium level for normal rabbits is 3.3 weq/iiter; in fateliy infected 
eulmais 1¢ was 15,2 meq/liter, 

Ina poxvirus infections there is reasoneble evidence to suggest that 
the degree of viremia reflects the goverity of the illness and say indeed 
indicete the pregnes id. demie and his group were the First te sake this 
correlation (74). In ssallpex it was found thet if virus were present in 
the blood at a concentration of 104 CAM infecting doses or acre per 34114 
Liter on the ascend day of iliness, viremia would perslist end the patients 
would probably die, If virus were present at 10% infecting deses /n or 
less, virewle would disappear and patients would recover, More recently 
Boulter and Westwood have made similer observetions in vabbitpom (262). 
Avimals dying before the vigith day of fulminant fofeection had higher 
titers of virus In their blood than these dying later, and in the fev 
wnimels whieh survived, viremia was low in titer and irregular, 

From these fam observations om vireria, sern potasslue levels ond 
shock, and from corresponding findings in vitro on cell toxicity resulting 
frou a partial virus growth cycle, the possible activation of lysosomes, 
amd the ious of intracellular potassiue, one may speculate, ag Mas two 
has recently done (262), en the events which precede death from poxvirus 
infections, After the infection of a coll by a poxwirus, a process ix 


set in motion thet eventually results in the death ef the cell. Ordinarily 
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this prevess is irreversible, It may bo mediated by eallular lysesenes, 
and at gay oceur when the infecting virus is mabie to coaplete it own 
veplieation cycle and form new virus. This process of cell death is 
ascewpanied by changes in the call mesbrane thet lead te « ioaw of intra- 
cellular potessiw«. In sene inetances potetsivus loss and coli death say 
be prevented despite virus multipiicetion by the presence of ue h rane 
stabilising agents zuck as antihistamines, 

In the animal boat asd in Wen, oichecked virus multiplication leads 
to widespread cellular necregia, with the release of large anounte of 
virus and potassiue inte the circulation. Largs amounts of virus in 
the cirevletion say infect the capillary endathe lin, or mere probably 
litteral cells found in association with capillary endethelium, The lose 
of capillary integrity feliowing bideurton may be responsible for the 
less of large amounte of fluid inte interstitial spaces, giving rise to 
the vesicles seen in the skin, but nore iwportantiy causing severe heme. 
concentration end hypevelesie, Shack appears secondary to Ry ans, 
aud the dasaged peripheral vesculature is wiable to respond to pressor 
amines. Of perheps equal impertence in the terminal gheck syndrom, 
large nme ef cireuleting potestius way have a direct toxic effact 
on the uyocardiua, causing either cardiac arrest ov fibrillation «ith 
dE. 

Theve is hardly any Mreet ewidnee supporting these speculations. 
On the other hand there is nothing known which is incempatible with these 


mechanisms, The problem of wirw: texlelty in the anlaal hast demands 
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intensive investigation, but if the Literature is any indication, it is 
being neglected by all but a handful of investigators (34, 262). More 
must be known of fluid and electrolyte changes such as hypovolemia end 
hyperkalemia, and of changes in the cells vital organs such as the liver 
and heart. 

Fox virus infections are not invariably fatal. In beth experimental 
animais and in man the toxic changes discussed in this section way act 


he as severe or may not gecur at all, The result is spontancous recovery. 


The host must possess its own mechanisms for resistance and recovery 


from pouvirus infection. 


in Poxvirus Infections 


Up until very recent times, the host defense against pexvirus infec 
tion has been discussed almost solely in teras of antibedy mediated 
mochunigos, It has only been within the last 5-@ years that other noch- 
aniswa have been proposed which elther cenplesent er perhaps act independent 
ef the classical antibody systems (19). The etimules for much of this 
work hes come from clinical cbservations but an understanding of resis- 
tance and recevery frem poxvirus infections has che largely from exper- 
imentel work with vaccinia in a variety of in vivo and in vitre systeue. 
Discussion will focus on the roles thet antibody, delayed hypersensitivity 


and interforen pisy in resistence and recevery from poxvirus infectisn. 
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Antibedy 

Standard teaching on the subject of recovery and resistance to vac- 
cinia infeetion wtil a few years ago dwelt solely upon the rele that 
antibody played in this precess. It is quite clear that resistance to 
vaccinia infection cen bo passively transferred from one animal to another 
with immune serum. It sees logical te assume that persistence of neu- 
truliging antibedies plays a major role in the preventien of reinfection 
and it has often been observed that virus titers in prigary infections 
begin to fall as antibedy makes its appearance (88-90). Yet a definition 
of the precise identity of this neutralizing er protective antibody has 
only recently been attespted, Specific antibodies corresponding to the 
Slassteal vaccinial antigens, the LS or labile-stabile soluble protein 
antigen, the SP or nucleepretein antigen and the HA or hemagglutinin, 
are all distinct from neutralising antibody. Recent studies have shown 
that à larger nusber of soluble antigens are forwed in cells infected 
with vaccinia (] and at least one type, the HA antigen, may be composed 
of a kost specific as well as a virus specific hesagelutinin (265). 

The nature of the specific protective antigen in pexvirus infections 
has recently been studied by Appleyard and Westweed (6, 7). Neutralizing 
antibody is produced in highest titer after infection with active rahbit- 
pox and vaccinia virus, yet inactivated virus is alse capable of Inducing 
the production of antibody, Seluble antigens with a molecular weight of 
100-200, 00% have been prepared from both viruses using differential eea- 


trifugation and filtration techniques, These antigens are capable of 
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blecking the activity of neutralizing antibedy, Given subcutaneously 
with adjuvant, or intravenously without adjuvant they are able te stim- 
late the formation of neutralizing antibedy in titers equal te or greater 
than those following infection when tested in vitre. Yet when a direct 
comparison is wade in vive by challenging the imsamity Induced by either 
soluble antigen or previous infection, no correlation can be found be- 
tween the titers of antibody end the lemumity present. Actual protection 
io better following infection, This may indicate that facters othor than 
circulating antibody are concerned with protection against infection, 

Evicence that antibody is not selely responsible fer protection has 
come from two sides. The addition of antibody to vaccinia-infected cul- 
tures of mononuclear cells does not cause permanent inactivation of the 
virus (96). It is known that evan a large excess of antibody may fail 
to inactivete a swall fraction of virus, Observations in man have 3180 
shown that large doses of hyperimmune gama globulin way fil to alter 
the course of progressive vaccinia (62) and indeed this condition has 
been observed in a patient with good titers of his own neutralizing 
antibody (190). If resistance can be absent in the presence of antibody, 
it is equally clear that resistance wey exist in the absence of antibady. 
This observation was first wads in guinea pigs infected with vaccinia 
(72) and gore recent studies in the ase animals treated with doses of 
radiation aufficient te suppress their antibody response for 28 days 
have shown thet complete recovery can occur within 4-11 days (98). In 


man it is weil known that resistance to a wide variety of viral infections 
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may occur In hypo- or agammagiebulinewic patients (107). The existence 
ef true agumeeslobulinemia has recently been called inte question and it 
geems that these patients way be capable of producing norma! antidedy, 
Although in great ly reduced amounts (17). This impertant observation, 
however, should net be allowed te overshadew the well-docusented disseci-«- 
ation ef entibedy lovels and the degree of resistance te infection. 

There can be pe doubt that neutralizing antibody has an iepertant 
function in poxvirus infection, It dows not appear to affect the uptake 
of virus by cells (221) yet it may prevent the shagecytized virus par- 
ticle from escaping its surrounding vacuole (68). If antibody fails ta 
prevent infection, it may bs due in part to direct cell-to-cell spread 
by the virus, thus avelding exposure to circulating antibedy (168). Yet 
this dees not account for the resistance seen in the absence of antibody, 
and it is quite evident that ether sechanisns are involved. 

Delayed bypersonsi tivity 

Resistance te infection way be mediated by cellular aa well es 
humoral factors. Denes and Naterman were the first to ebserve that 
guinos pigs infected with vaccinia began to heal their lesions after 4 
days (72). by 6 or 7 deys their skins showed the ability te respond te 
intradermal vaceinis with a typical tuberculin-type reaction characterized 
by à dense sononucleer cell infiltrate. Antibody did not appear unt 11 
12 days. In recent years hr, Selvin and Pappenheimer have shown quite 
clearly that it is possible to induce delayed hypersensitivity ta puri- 


fled antigens well before the appearance of corresponding antibodies (255). 
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Using similar techniques in guinea pics, Turk and his co-workers have 
demonstrated that the lesion of revaccination 1s one of delayed hypersen- 
sitivity and appears in the absence of antibedy (251). This reaction 
effects a slight but silenificent fall in the titer of virus isolated fron 
these legions ag compared te the primary lesions, Of considerable interest 
has been the nonspecificity of thin reaction, Animals sensitized te PPD 
and challenged with vaccinia have shown decreased titers of virus. 

Pincus and Flick have extended these observations te the prisery 
lesions themselves. Children revaccinated with live vaccine tue days 
after primary vaccination develop accelerated responses that are iden- 
tical with the primary respense in all respects except size (198). 
hypersensitivity to an inactivated virus preparation can be seen as carly 
as 4 days after the initial infection, This suggests that even the 
primary response te vaccinia is one of hypersensitivity, Newbern rabbits 
made tolerant te vaccinia with an inactivated preparation later fall to 
develop a lecal reaction to both viral antigen and to live vaccinia, and 
infection is sassocilated with a high mortality (95). In guinea pigs 
specific antimenonuclear cell serum but not pre- ihne serum can prevent 
the development of # primary reaction te active vaccinia and a delayed 
teaction to inactive virw and alse bovine serum globulin end dinitre- 
chlerebenzene (197). The nonspecificity of this response has olga been 
suggested in experiments where inbred strains of rebbits with varying 
de gras of tuberculin hypersensitivity were tested with vaccinia (199). 


Vatei nation and testing with inectiveted virus were followed in one week 


& 
evad exodxow-o3 aki baa ArT ,egdq ot at soupisuived ral tan a 
wenne bebe, de ee el coktertoomver de audeol 8e sse nebenan 
aoitoaar , (ten bone Yo. eee ee xf eunegqe Dua eee 
wot? ess elt kv Yo 40% f „ ab {led tn r md lte a Gene 
tsetoesal ole temo Y ene yradiug ods of — aeakask sends N 
GM oF Loxtshenve eee eee aif? to e eee edt dee een 
este da tente heasersed ate qved snkonay dete bagnediade ban 
Wr A ¢44 o5 anelteveeadn ores, bebnetas eved, dettt bas eee 
En Ow? oniovay evil date beteniosave: gash LAD ene aaoteel 
e ae sate seanoqaes bocavelesoe qofeveh meitanfonev ysaming verte 
-(601) ie savoxe regte Lis — er s ds u Looty 
Tun e ase ed aan. je,, e ee eee pe oF eee 
ods move sad? evecagure eter  ~mebtoeted (otthad oft tagke aged & a 
clladsy modwut- .ygivitiesesteqel de ona af shetoaev oF ceneqean yreskeg 
o ile? tess! selsetaqesq betavitzent ae dily eiubeasy. ot tragalet.ebes 
han ,aiakosav evil oF bee oayétas laviv daed ot mofsseen e a qoleveb 
agi eontwg ok .(80) eee detd « ee Seraisones e aobsaetad 
Tannen <9 tartee eiuemi-ety ser Sud, arene {ies A D N ian, A Nö 
boyniek a one sinkeoay eviton at aoksaser yautag « to a tebd u 
~oTtinkh bas abludal; aunoe waived os ban a e hat. Os d. 
coed deln ead aer 2343 te eee nen eff „et a οαννõνẽ/e 
ae e eee eee eee sredw eee af betgaggue 
-(@@1) etainoev dae, dase crew eee eee abivotedus e eee 
doow ane af howeliv® arow wrtyv besewitoun! righw gaiges? one aoisentone¥ 


Ad 
by first BCG and then challenge with ole tuberculin, In all cases the 
timing and severity of the two types of lesious wore sivilar, Animals 
with an inbred resistance te tuberculosis behaved as if they were inbred 
for vaccinis resistance, Animals more susceptible te tuberculesis lest 
weight following vaccinetion and some died, 

The cells responsible for delayed hypersensitivity reactions seen to 
include macrophages, Their singular importance in detersining the gut- 
come of poxvirus infections has been discussed in a previous section, OF 
interest then are observations which suggest that the findings mentioned 
ahove are not sieply manifestations of local cutaneous reactivity, Rabbit 
spleen and kidney cells taken free ame and nen- lune aniwels, cultured 
in vitro and then challenged 2 te 3 days later with vaccinia show sind- 
lar yields of infective virus from kidney cells but a sienificantly lower 
yield from iseunised spleen cells (243), Antibody has no role in this 
system und the immunity is specific: challenge with herpes sieples pro- 
duces no differences in yields, The resistence of the imaunized spleen 
cell cultures disappears after 7 to 4 days when wacrophages are largely 
overgrown by fibroblasts (216). Other studies Rave shown that mouse 
macrephages are more susceptible to infection by a virulent than an 
attenuated strain of octroweiia (215, 216). Heerephages from beth sus 
ceptible and resistant ales are equaily sus ceptible te virulent strains 
of actromolia in vitro, However, immune macrophages wore readily phagocy- 
tize virus, end this property de independent of antibody. 


How the registance of ismune macrophages and the strain differences 
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in response te infection devorstrated by Pincus and plick are related 
to the notion that genetic differences in susceptibility te infection 
operate on the macrophage level is a prablen which should centinue to 
challenge investigaters (108). 
Interferon 

The discovery of interferon in 1957 by Isases and Lindemann has 

wpened g new ers in the understending of resistance and recovery from 
viral infections (126). At the present time knowledge in this area is 
in a state of flux, but certain basic principles concerning the nature 
and activity of interferon sre well established end have been discussed 
in à number of recent reviews (124, 129, 258). Interferon is a protein 
with specific antiviral activity, produced by a wide variety of different 
types of mammalian and oven avian cells tested both in vitro and in vive. 
It Ras a molecular weight of roughly 20-34,000 and as a protein is nen- 
diaiyzable and inactivated by trypsin. It is relatively stable to heat 
and remains fully active after exposure to both high and low pH, The 
physiechesical preperties ef interferon vary somewhat, depending won 
the cell producing it. Its biological activity ie subject to less veri- 
ation. It is induced by both active as well es inactivated virus. with 
active virus, interferon may be formed even theugh the virus does not 
replicate (105). Recent etudios have shewn that nucleic acids free 
anion) tissue, rickettsias, becteria yeasts and plants and evan the 
polysaccharide statolin sre capable of inducing the production of inter- 


feron (124). Isaacs has suggested thet induction of interferon aay be 
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dependent upon cellular recognition of "foreign nucleic acid’ (129), 
Interferon induced by one virus is capable of protecting the same type 
of e from infection by many other different viruses, aad although its 
protective action is epecies-specific, this is only relatively 39 (4, 
250). In sche celia interferon gay inhibit viral multiplication but net 
its cytopathic effect (129). It is only weskly antigenic and is nor 
inactivated by antiviral antibody. 

The mechanism whereby interferon production is initiated in cells 
as not fully mderstood, In vitro studies of cells in tissue culture 
infected with eastern equine encephalitis virus in the presence of 
actingsyctin nh have shown that interferon production is suppressed, while 
the virus freely multiplies (124). Actinomycin h inhibite the production 
of DNA-dependent RNA and Ko has suggested that Interferon production in 
this system is independent of viral protein synthesis and dependent upon 
am intact cell genowe. The induction of interferon must bdecur early in 
the replication cycle, for actinowaycin B addad 3 hours after infection 
dees not block interferwa production. When protein synthesis is inhibited 
by puromycin or p. flunrepheny la lanine interferon production 186 alse 
suppressed but it is net knew whether these agents block the synthesis 
of interferen itself, or other proteins necessary for ite synthesise (124, 
1429). 

The interferon formed in infected cells is released by an unknown 
wechanism. However, its antiviral activity cannot be demonstrated 


extracellularly and it does not appear to affect the adsorption or release 
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ef virus from calls (129). There is a possibility that interferon may 
in some way be related te cell receptor sites (124). Interferon sees 
to act after the uncoating of the virus within the cell, It wae initially 
suggested by Isaacs, Porterfield and Beron that interferon might uncauple 
oxidative-phosphorylation within the cell, depriving virus particles of 
the energy necessary for their replication (18, 128). There does seen 
te be good correspondence between the inability of viruses to grow at 
lower oxygen or higher carbon dioxide tens loans and their sensitivity to 
interferon (129), But wore recent atudies with dinitrephenel, a knows 
uncoupler of oxidative-phosphorylation, have not supported this hypothe- 
gis and have shown instead that interferon acta on a non-DNA-~dependent~ 
RMA, This may be either new or normally present in the cell and either 
specifically involved in virus synthesis or wore sensitive to interfer- 
om (162). 

There also sens te be good correspondence between virus virulence, 
its optimal temperature for growth and beth its ability te induce and 
its sensitivity to interferes, The studies with poxviruses ard of 
special interest here, Sedson and belli have shown that the higher 
the ceiling temperature at which pocks ave produces on the CAM, the 
mere virulent the virus is for the particular hast (29). Por sxenpie, 
variols major has a higher telling temperature than alastriue, the 
highly virulent Utrecht strain of rabbitpex produces pocks at 2°C shove 
the nrmal temperature of its hast, ead the mory virulent strains of 


vaccinia usually have higher ceiling temperatures than less virulent 
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strains, Later studies by other workers with e susber of viruses including 
vaccinia heave shown thet virulenee is associated with higher teuperateoras 
for optimal growth (218). The mere virulent viruses not only produce 
leas interferon, they are alee less sensitive to the activity of exesenoua 
interferon (219). Interferon production in any one system has alse been 
shows to be greater et temperatures shove the opt ius! growth tesperetures 
for each particular virus. 

Tt is not known whether a virulent virws is able to avoid stimulating 
interferon production or if it actively blocks ite preduction or section, 
But it dees appear that with certein viruses, aneng then Neweast le 
Disease virw, the addition of active virus te cultures which have been 
atinulated te produce interferon by the seme, inactivated virus, promptly 
shuts off the production ef interferwn (124, 129). This phenomenon of 
“inverse interference’ recaing obscure, but it seems generally true 
that viruses either stimslate interferon without multiplying, or inhibit 
interferon production and multiply. This delleste balance has been 
dewonstrated in twe exeelient etudles, A mall mueber of good inter- 
feren producing cells can pretect a culture sade up largely of sere virus 
susceptible cells that are poor interforon producers, unless the 
challenge dose of virus is ten strong (114), And in a superbly tonerl ved 
experiment, Glas gon and abel were able te maintain cultures of mouse 
embryo celis infected with vacelaia for 3 te 5 months by varying the 
concentration of interferen in the medium {104}. If interferon were 


allowed te accumulate, the cultures apontanwously recovered: if ie wos 
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removed toe frequently, the cultures were destroyed, These letter 
findings would appear to be in agreement with observations in vaccinia 
infected chick eebrve fibrobiests where carefully controlied amounts of 
interferon delayed the growth rate of plaques but did not recuce thelr 
eventual nusber or size (103). herber interferon recuced the total 
number of particles formed or extended the time necessary for viral 
replication is net known, 

With such clear-cut antiviral activity in a variety of in vitro 
systems, it is not at 211 surprising that interferon has denonat rated 
Similar capacities againat veceinia infections in vive. That it ray be 
selely responsibie for resistance and recevery from primary vaccinial 
infections was first suggested by baren and Ieaacs (14). It had been 
knowns that chick exbryes were highly susceptible te vaccinial infections 
until they were 7 to 16 days old, when they began te develop resistance, 
Chick embryos isek beth the ability te form antibedy and do deve leg 
delayed hypersensitivity. Their resistance to infection was directly 
related to theiy increased ability to produce interferon, Friedman 
and bis co-workers have extended these observations to gui nes pies (99), 
Apinals whose ability to form antibedy and develon delayed hyporsens i 
tivity had been totally supresved with Methotrexate and x-ray, recnvered 
fres intradermal veccinia infections in the same manner as did the un- 
suppressed but similarly infected centrals, Virus disappeared from all 
tissues at the sans rate, and interferes assaye of the lesions were 
ruh ly the seme fer all greupe. 

The in vive effects of interferon were first dewonstrated with 


vaccinia in rabbits (165), Taterferen prepared in rabbit kidneys has 
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been shown to protect against intredernal vaccinia whan infected locally 
(127). Protection against larger doses of viruses can be achieved only 
by injecting interferon 24 hours before infection, Interferon prepare 
in chick cells and senkey kidney cells also provides @ high degree of 
protection, the necrosis usually following infection being great ly in- 
hibited er completely prevented (4), Rebbit kidney interferon can alse 
delay er supress the lesions of vacciniel keratitis in rabbits ($4, 149). 

Tt might be mentioned at this point that intradermal veceinia in 
rabbits has provided at leest part of the answer te the question of hon 
cortisone inhibite recovery from viral infection, When applied topically 
to lesions, or given systemically before infection, cortisone signif. 
ieantiy impairs resistance te vaccinia (39, 55), Treated animals shew 
less local reset on but the lesions persist longer then in controls 
Virus is usually found in higher titer lecally and syst ente tnvelvement 
is more severe (39). It is now known that cortisone, which can inhibits 
the formation of interferen in other systems, inhibits the nernal pro- 
tective effect of preformed interferon on vaccinial lesions (162). it 
is probable that the general effects of cortisene upon the local inf lan- 
watory response precede independent of its effect on interferan. 

In man, interferon alse sens te play an isportent role in the 
bedy's defense against viruses. Baron and Isascs have demonstrated the 
complete absence of interferon in the limes af patients dying with 
inf luenzal pneumonia (16). The absence of centrel specimens scarcely 


jessens the importance of their observations. With vaccinia, low titers 
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of inter feren prepared in monkey kidneys and injected locally failed te 
halt the apread of progressive vaccinia in an infant (62), but more 
promising results have been obtained with similar interferon in à vac- 
elination trial (230). After receiving interferen in ene are, 38 volun- 
teers wore vaccinated in beth arms 24 hours later. With each patient 
serving as his own control, the interferon treated arms develoged 14 
lesiong, the control arms 37, thus indicating « significent degree of 
pretection by interferon. 


This discussion will lese with « consideration ef circulating 


interferon, Ia all of the in vitro systems considered thus far, inter- 
feron has been released only after a nusber of hours, often é or 7. 

It is of great interest then that large doses of infectious virus, in- 
chiding vaccinia, when inoculated intravenously into mice produce 
detectable serum levels of interferon after only one hour and peak 
titere after only 4 te 4.5 heures (14). Rene and he have confirsed and 
extended these ebservations (124, 158). Working with Siedbi« virus in 
rabbits, they found serum interferon after 1 hour with peak titers at 
7 hours. The game virwa in rabbit kidney menclayers produces detectable 
interferon from 7-24 hours after infection, but not before. Virus 
replication occurs after 3 hours, To determine the saures of this cir- 
culating interferon, liver and spleen call suspensions were incubated 
with virus and interferon was shown te be released after only 3 hours. 
Celis of the reticulo-endethelial system sees to be the source of this 


rapidly released interferon. It is not yet clear whether this represents 
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totally new synthesis of interferon, rapid completion of synthesis from 
high soncentrations of precursera, or release of prefermed complete 
interferen. It is of interest that therotrast partialiy iahibits the 
release of rapid interferon. Ho hes suggested this rapid interferon may 
prevent early viremia and possibly death (124). Confirmation of these 
findings must be sought in experimental pozvirus infections, and it will 
be of great interest to know whether interferon can ba detected in the 
serum of petients with smalipox, and if so, whether it is in low titer 


or absent in these whe go on to death. 
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OTHERAPY OF POXVIRUS INFECTIONS 


Thiesemi carbuzenes 


antivirel activity in experimental poxyirus infoctions in vive 

Ir has been fifteen years sines the initial observation by Hamre, 
Berngtein and Donevick that specific chemotherapy of pexvirus infections 
was a real possibility (117). The availability of the thiosericarbazon« 
compounds, then being used experimentally acaingt tuberculosis, prompted 
these werkers to use p-anino-benzel dehyde-3-thiesemicerbatone against 
waceinia infection oa the chick cherloalilantele mezbrane (CAN), Although 
complete protection vas not echieved, there was a significant delay in 
death of the infected embryos, Eacouraged by these results, mice were 
next infected intranasally with vaceinia and treated subcutaneously or 
oraliy, Again deaths were delayed (117, 218). Pretection could be 
achieved in z few aniwals when the drug wae dolaved five days after infec- 
tion, but best results eccurred when animals vers pre-treated fer tun 
days, thee for ten days following Infectian with vaccinis. In this latter 
group there were some gurvivers, Thiesemicerbarones exhibited ae anti- 
vaccinial activity ven they were incubated with virus in vitre and then 
reaeved bafere infection, The drugs seemed to act within the infected 
cell itself. 

These obeervations were confirsed end axtended by Thempsen and his 


co-workers using first noa-substituted benzaldehyde-3-thicsesi carbarone 
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both on CAM and in inkracerebrally infected wlice (249). Various substi- 
tuted thicsesicarbazones, especially isatin-i-thiosemicarbezone CITSC), 
alse conferred pretection (248, Pig. 2a) and the sulfur moeity was shown 
to be essential fer activity, the semicarbazenes having no antivire? 
effect, When fed tn the diet at 0.6% concentration, ITSC given as late 
as 48 hours after infection gave seme protection, Dichicrephenexythio-~ 
wrecil, wick alone had only wild antiviral activity, increased the na- 
ber of zurvivors when given together with ITSC (185, 250). In these 
experiments, [wo isportaat observations were wade, Pirst, the protection 
against vaccinia vas primarily « delay in death, although a number of 
animals wenaged to survive, Tests for the growth of virus in brains of 
infected mice showed that treatment had failed ta prevent the multipii- 
cation of virus. Virus concentrations eventually reached a maximus 
plateau end death gecurred within the next 48 hours. In some mice, titers 
ot virus reached levels that were net tolerated in untreated nice (247). 
Secondiy, thiosenicarbazones sppeared ta offer ne protection in rabbits 
infected with vwaccinie. In six rabbits infected intredermeliy with the 
THO strain of vaccinia, benzaldehyde thiesericerbazene and cinchonin- 
sidehyde thiceexicarberene vers given intraperiteneally in single daliy 
doses of 100 te 150mg for 6 ta 8 days, From their observations, Thompson 
and his co-workers concluded that therapy did not prevent the formation 
of lesions at the site of inoculation, “although generalization of infec~ 
tion and development of necrosis at the site of the lesion were prevented“ 


(247), An wireported nucher of rabbits were aleo infected intracerebral ly, 
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and here TTSC, given in 3 doses of 250me/ke over a AB-heur period, failed 
te give pretection (247). These limited and poorly documented studies 
ereated the unfortunste ispression that thicsexicarberones have ac effect 
in wabbite, Nuwereut cltations of theese atudles in the recent literature 
attest to this fact, and the result has been « total neglect of the 
vascinia-infected rabbit as a system in which further studies of the 
antivrial sctivities ef thicsemicarbarenes could be carried owt (20, 80, 
24%, 246), This has been all the more unfortunate since later studies 
by Bayer have demonstrated a far higher degree of antiviral activity 
against vaccinia then was seen by Thempsen and his grow (20). 

In the last decade, studless on the thicseutcarbezones have concen- 
trated on 1780 and its substituted derivatives. bauer was the first te 
show that c given IZE /K subcutaneouely tudce daily gave coup lete 
protection against death in ice infected Intracerebral iy with ws te 
10 000 Ligg of vaccinia (20), Virus wae still able to multiply but at 
a titer 1 log wilt less than in untreared infected controle, and was 
probably respensibie for the subsequent ismmity snows in surviviag steo 
to n challenge dose of 100 Logg of the sane virus, Mere recent studies 
have shown that ag little es Zug of ITSC given subcuteneously twice daily 
for 4 to 5 days protects infant oles against intracerebral infection . 
with up te 100,006 08% of the Utrecht strain of rabbitpex (21). Thase 
animals develop imeunity net only te rabbitpor but aise te wacelmia, A 
most interesting finding has deen the inability of ITSC to protect uf en 


against etre lin (24, 77). However, the modified 4':4° Galtylehiesemd + 
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sarbasenes of isatin or its K-alhyl-substiteted derivatives give excellent 
protection against 190 Lig, of ectrowelia but are ineffective againet 
vaecinis, Of great importance has heen the dewonstration that infant 
mice, wiformly susceptible to fetal infection when ineculeted intracer- 
rally with 106 Leg of alsstriv, are alnest completely protected by 
athyl-ITSC in deses up ta gk g subcutaneously given once daily for 3 
days (25). Whee inoculated with 100 Lig, of the Nexvey strain of variola 
wajor, similar doses of IVSC, N-methyl» and N-ethyi~iTSC give complete 
protection (25, Fig. 2c}. In the emuse-aiastria systen, N«ethyl-ITSc 
has a therapeutic index of 2000 (23). 

Structure-activity relationships 


The initial studies with thiesemicarsazenes by Theepsen and hig ce- 
workers cemongtrated that antivirel activity was dependent upon the the- 
gemicarbasone (TEC) side chain and a ¢ycile gangenen, other molecular 
modificatloas showing no antiviral activity (248), The curious speci fl - 
city of different thicsenicarbarones for vaccinia and get runs lis has ied 
ta extensive investigations by Bauer and Sadier to determine which par- 
tichlur solecular structures are essential for antiviral actlwity (22, 2223, 

The basic structure of isetin-8-thiesomicarharons is shown In Fig, 2a. 
Kunerons derivatives of ITSC have been essayed against the IMD atrain 
of vaccinia given intracerebrally in sice, and the results indicate thet: 

1. Nodifications at positions 2 and 3 lasctivete the compound, 

2. Substitutions on the erowatic ring cause a less or as redaction 


in antiviral activity grestest ot position 5, less et 4 and lens? 
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at 7. 

Subetitutions on position 1 have a different effect. If the 
relative activity of the parent cosmound ITSC is designated 180, 
Wemethy] substitetion has an activity ef 202 (Pig, gel: B-ethyl, 
286; and 2-hydrexyethy1, 704. If the side chain is shorter (eg. 
acetyl), or longer (e.g. propyl), or if it is more polar there is 
a decrease in activity. 

Modification of the pyrrelidine ring has shown that an 311 planar 
configuration is necessary, and thet the orientation of the 

* CSN group rslativs to the ring nitrogen is critical, Substi~ 
tutions on this side chain result in a loss of activity, These 
results suggest that entiviral activity is in see way dependent 
upen the presence of an intramolecular, 6-mebered hydrogen 
bonded wing (Pie ab). Intramolecular kydregen bonding ix alse 
characteristic of chose mewbere of the benzimidazele thiosemi - 
tavbazone group possessing antiviral activity. 

There is ö correlation between the lipid selubliity ef 1780 
oy its derivatives and their antiviral activity. Compounds that 
ave readily unter selubie are inactive. The inability of active 
compounds to dissolve in agmeous aolution has created 8 signi #- 
icant probles in chemotherepy. The agent must be delivered in - 
Suspension when given subcutansousiy, IYSC hes been found to be 
active when given orally, sa this has net been ag unfertumate as 


wight have been expected, 
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6. IT&C dows not cyallza in vive te form an indolothierriazine, 
which might set as an antl-metebolite, ser is it hydrelysed to 
isatin which wight get as a Sehydrogennses. There is ne ovidence 
te suppert its acting aa 2 purine, tryptephene or serotonin 
antagonist. Tis structure docs not suggest an anti-nicotinanide 
effect and ite activity daes not seem dependent upon its chelating 
abilities, 

7. The specific requirenents fer antiviral activity ageinest vaccinia 
and ect rand lte suggest a very nurrom range af ectivity for sach 
compound which ts depondent en certain structural characteria- 
ties of each virus. 


PSC im tiseus culture and possihls mechanism of action 


Having knowledge of which structural apectficities are necessary for 
witiviral activity dees not anavor the question of ben this activity Ls 
eapresseod. In vitro studies with tissue cultures have helped provide sane 
insight inte the mechanism ef antiviral activity of [TSC, Ag would be 
expected from the studies in mice, vaccinia, reabbitnex and de a lesser 
degree ectromelie-lnfected tissue cultures are suscentibie te ITS (255), 
Gabryonic rabbit kidney celle ave able te telerate ITSC in concentrations 
ap to 40ulM/ml end at this level are protected against 104.7 FULD. of 
vaccinia or gebbitpex, Virus is net inactivated in vitre, nor is its 
adsarption te the cell or eclipse interferred with (60), Ts ices not 
ect as @ non-specific depressent of gell metabo lian: other viruses oan 


grow quite well in the presence of IIS (234). 
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There has been ne evidence as yet to suggest thet the synthesis of 
viral DONA is inhibited by ITS, £6 cells followed by autoradlorraphy 
show no decrease in the formation ef viral DMA (803. In Hela cells, 
there is ao difference between the TdR-AU s upteke inte DNA in infected 
cls alone and in infected celle treated with ITSC (11). Inhibition is 
net secondary to the production of a non-functional OMA; virel-UNA which 
hes acewuulated in the cytoplasm in the presence of ITSC way be incorper- 
eted inte infective virus after the agent is removed £10}. If TSC is 
added efter the aynthesis of virel ONA is compiete, virus synthesis is 
Still inhibited (11). 

With respect to the synthesis of viral pretein, earlier studies in 
vaceinia-infected <6 cells using fluorescent antibedy techniques suggested 
thet ITEC did not affect the synthesis of virel pretein (60). The in- 
duction and repression of thymidine kinage and UMA-oolymerase are not 
affected by ITSC (178). One protein not affected by ITSC is the ene (s) 
that may be responsible fer cytopathic effect (CPE) following infection. 
A number of studies have confiroed the observation that although vires! 
production is shut off by ITSC, cell destruction secondary te viral 
infection secures regardless of treateont with ITEC (s, 11, 34). Recently, 
experiments with puregycin in veceinie-infected Hela celis have shown 
that inhibition of protein synthesis 1 hour but not 3 howrs after infor- 
thon prevents cytopathie effect (179. The ioplication is that the 
critical synthesis of a CRE cousing protein between 1 and 3 howrs is not 


affected by ITSC. 
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The antiviral effect of Nec sens to appear near the end of the 
reglicetion «cycle, ond although perhaps all Aral components are syn- 
thesized, they cannot be assowbled inte a mature particie (Pig. 7). 
There does net seem to be any synthesis of intect ut non-infectious 
eurticles (11). The sechanienm by which essewbly is biecked in net fully 
ders hood, but there are data suggesting certain possibilities, Sadler 
has recently stated thet antiviral ectivity pay be secondary te the inter- 
ealation of the plenar hydrogen bended ITSC molecules with viral DNA 
without impairment of normal cellular function (223). Appleyard and his 
co-workers have shown that the viral inhibitery activity of rec is 
greatly reduced by the addition of actinomycin b, and completely pra- 
vented by the simultaneous presence of fluorephenylalenine, suggesting 
that both DNA-dependent RNA and protein synthese are necessary for the 
ection of ITSC (8), If this is se, the intercalation of ITSC with viral 
DNA must not be such as te prevent the synthesis of DNA-dependent RNA. 
It is not clear how these findings fit in with the lepertant ebservation 
wade earlier by Appleyard and his co-workers that in # normal cycle of 
replication, at least 15 soluble viral antigens are forusd. When 178 
4s added, it prevents the formation of 4 of the antigens which are anong 
these appearing late in the growth cycle (5), Whether these 4 antisens 
are necessary for the assembly of mature virus perticles is net known, 

In summary, sc possesses antiviral activity in vitro as well os 
in vive. It does not seen to prevent the synthesis of viral DNA nor of 


most viral proteins, However, final assembly of the viral particle is 
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biecked by a mechanism thet remains poorly understand. 
Clinkeal we of thiovembcarberenes 28 wan 

The successes achieved by the thiosemicarbazenes in the suppression 
of experimental vaccinia infections have quite naturally led te their use 
in similar infections in gan. There have been no reports on the effect 
of thlosenicarbszenes en vaccination takes. Such observations would 
mot be difficult to wake and are needed, Considering the ability of 
IUdR to suppress vaccination “takes,” it would be important to know the 
activity thiosemicarbarones under the same conditions (49). 

It is difficult to evaluate the effects of thiesemicarbarones an 
wore severe vaceiaia infections in man, Such cases occur sporadically 
and it is hard to imagine a large series of patients being observed in 
any one medical center, The results of therapy in isolated ceses re- 
ported in the literature wake comparison impossible. Ecsesa vaccinatum 
may be considered an unfortunete and sometimes serious complication in 
am otherwise normal patient. N-methyl-isatin-8-thiosemicarbazone (Pig, 
2c) has been given in doses of 2S$0mg/ke oraliy four tives daily with 
apparent sucessa (2464). Therepy eas later followed by a severe episode 
of gastroenteritis, but it is mot clear whether «his was dus to drug 
toxicity, Bleed levels ef long los! were achieved; these levels are 
similar to those found effective in tisaue culture, but measurenents nay 
have included inactive or degraded forms of thioseeicerbazone. Progressive 
vaccinia is a mere severe condition, ocaurring usually in patients with 


immunological or other defects in boch defense wechenisms, S-methy}- 
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isatin-B-thissericarbazcone has not been effective in preventing death duc 
to this condition in infants with severe gamma-globulin deficiencies 
(62, 943. In one patient with leukemia, the lesions of pregressive vac 
ima remitted following therapy but concomitant administration of gamma 
globulin makes interpretation of this reaponse difficult (69). 

The observation by Bauer that ITSC protected ler against vaccinia 
while aliowing virus multiplication te continue led te the cautious 
suggestion that 1130 might be effective in the prephylaxis of smalipox.. 
hut not in clinical disease (20), Pellowing the demonstration that 1734. 
protected eice agalust variola majer (25) a study was undertaken to deter- 
mine the prophylactic effect of k-methyl-~isatin-28-thiosemlearbaztone in 
preventing swalipex in contacts of seallpex patients (263. In 1101 
treated contacts there were 3 cases of sealipox: in 1126 contacts not 
treated, there were 78 cases with 12 fatalities, 8ffective prophylaxis 
was Seen with eral doses as low as 3g twice daily after meals for 4 days. 
Side effects were limited to aeusen and veulting. The protection con- 
ferred by treatsent uns independent of the lemmity acquired as à result 
of vaccination, whether given in the past or efter exposure te the known 
index case of smallpox, 

Although there are no published studies the prophylactic effect of 
IIC hes net been matched by similar success in the treatment of clinical 
emalipex. This problem demands further study, and will undeubtediy re- 
ceive it. However, the apparent lack of suceess in treating clinical 


amal lpox in no way detracts from the fundamental significance of Bauer s 
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work. Given early eneugh, specific chemepruphylaxis againet a severe 
systemic vival disease is possible, and this alene should encourage 311 


who are engaged in the seareh for antiviral agents. 


5-lodo-2'-deoxyuridine (TUdR) 


The ayntheaig of INdR was achieved by Pruseff in 1959 (20D. The 
siubliarity betwoen Ilhan ond thyaddine suggested that it might he used to 
antagonize the incorporation of thywidine inte COXA of memmalian celle 
(Fig. J). Progress in the atudy of this cowpwund as an anti-neoplastic 
and later antiviral agent and its setebolisw and toxicity in experimental 
systema and in wen hea been the subject of wany reviews (44, 50, 205, 
259-281]. Me attempt wlll be made to susmerize what can readily be found 
ja these articles; only information relevant to the more recent use of 
ugh es an antiviral agent will be discussed, aod the reader is referred 
te these papers for more detalled information. 


Antiviral activity of Tua 


The ability of Ihen te act as s metabolic antagonist to thyeddine 
in the blesynthesis of W ied Herrmann te the discavexy in 1961 ther 
Jah and also BUdK inhibited the formation of plaques by DNA-containing 
vaccinia end herpes simplex viruses, but net by ENA-~containing viruses 
{123}, Thymidine reversed this inhibition. These findings were confirced 
dn vitro (151) and therapeutic activity was desenstrated ageinet both 


vaccinia and herpes simplex when Ian was added ta tissue cultures short iy 
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after tytepsthie effects were visible (165), In the weantine, numerous 
studies had begun an the activity of lle against both of these viruses 
in wive. 

Perhaps because of the serious prob lem presented by herpetic kera- 
titi in the United States, studies on the entiviral setivity ef Tudh 
have concentrated largely on this condition as it is produced experinon-~ 
tally in rabbits esd appears clinically in mon, Kaufean was the first te 
report success with Tudk in the treatwent of herpetic keratitis in rabbits 
(146, 147}. The drug wae given topiesliy every 2 haurs for 46 hours, 
These findings have been independent iy confirmed in double-blind studies 
where ,1% Ian was given topleally every 2 heures for 5 days beginning 
43 hours after infection (64), and in other oxperiments with IUdk, $-iode~ 
deonycytidine (1Cdh), a reservoir for Ilhan, and their diacety] derivae- 
tives (196). The careful investigations of Jauer and hie co-workers 
have shown that in infected contro! syes, virus multiplication reaches 
& Maximum at 72 hours, declines beginning on day 6 and is ne longer 
present by day 11 or 12 (133). Steroids proleng the iliness (135, i409). 
Infected eyes treated with Iban for 7 days yield Little virus, but virus 
titers way rise to even higher titers than in controls once therapy has 
been dis continued. Other authors have suggested thet kan hes little 
beneficial effect in rabbits with herpetic keratitis (84), 

The use of TUR in herpetic heretitia in ann hes met with coneid~ 
erable success. Chronic corneal infection say result in ulceration and 


blindness; spontancour cures occur in only l of cases, and debridewent 
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ex cauterization have been the standard methods of treatwont. With 
topical Id Keufman et a]. have obtained x high percentage of cures in 
superficial dendritle ulcers and in stromal ulcers within an average of 
3 and 6 days respectively (148). Treatment is usually given every hour 
or tee throughout the day and mignt for at least 3 t 4 days, often 
longer. Similar success has been reported in independent and less well 
controlled studies (63, 122). Less striking results have alse been r. 
ported by other workers (70. 109, 170). 

Little attention has been paid vaccinial keratitis in rabbits. 
Kaufman and his co-workese treated a small suber of superficial and 
deep stromsl ulcerations with 0.1% [Uda topically every 2 hours (156). 
Therapy began 2 days efter infection and was continued for 2 and 4 days 
vespoctively, 411 superficial lesions were clinically well after 48 
hours of therapy but virus could be iselated from helf of the treated 
eyes. Stromal lesions were alse cured, although again virus was found! in 
over half of the treated syes, Independent experiments with the sane 
systee have resorted no therapeutic effect, but therapy was not continued 
throughout the aight (161). 

It is got known why deop stromal lesions are wore difficult to cure 
than epithelial lesions. fenever, it has been shown that after freeze 
injury, Ian has no effect upon the rete of epithelial healing but does 
retard the recovery process in the cornea (200). There is no danger of 
syeteaic toxicity when Iban is applied tepically te the eyes (12). 


The ceteneous lesions of beth herpes simplex and vaccinia are 
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susceptible te Tih, With herpes infection in rabbits, skin lesions are 
prevented by IAU KA given subcutaneously every 8 hours for five dayer 
(97). In gan herpes simplex runs a course of from 7 te 21 days, An 0.1% 
solution or 0.5% ointment of Iban applied 4 times daily may cure cutaneous 
iesiens in 1 to 3 days 1115) and recently good results have been obtained 
in @ double-blind study using a modified pray gun technique (142). Lose 
dramatic results have been obtained, however, and some workers advise 
ageinet the use of [idk in mest cases of cutaneous herpes simplex (41). 

With cutaneous vaccinia in rabbits, Calabresi, Mecol lun and Weich 
denengtrated that protection against am much as 105 times as much virus 
could be achieved with Id, Ing kg every s hours or nE every 4 
hours for 8 days (48), With these deses there was ne evidence of drug 
toxicity ner was there any depression of the me response, TUdR wae 
superior te other pyrimidine antagonists including G-arauridine, cytosine 
arabinoside and ICdRk (48). Lesions were auppressed even when therapy 
was delayed as long es 48 hours after infection (49). In men similiar 
effects ave been sean, Patients with advanced neoplasus, whe bad not 
been vaccinated during the previous 20 years, wore treated with thera- 
poutic doses af lan or Ick. When vacelaated, “takes failed to occur, 
but when reveccinated J weeks after therapy was discontinued, “takes” 
ecourred (49), This effect was not sewn in ell patients however. In 
an independent double«biind study 25 healthy pat lents were vaccinated 
and then treated topically with 0.19 len elntwent d tines daily begun 


24 hours after vaccination (32). Ne significant therapeutic effect wes 
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seen, in contrast to the good results seen with the same regiwer in herpes 
sieplex (115). These results any have been due te the mere serious lesions 
produced by vaccinia, but perhaps of equal importance was the fact that 
sil of the patients tested had been vaccinated within the previous year. 
The absence of signiflcent effects with Tudh may have been due to the 
general suppression of 11 lesions by active immune mechanises. 

Possible mechenisns of action of Bag 

In the past fow years the preblem of how dk exerts its antiviral 
activity hes been the subject of intensive investigation. As it happens, 
most of these studies have been done with herpes simplex rather than 
vaccinia a3 the infecting virus. The results ef these studies offer « 
fascinating complex ef wechanisms by which TUdR might ect, but at the 
present time one can only speculate as to whether these sane mechanisms 
are at work when vaccinia wultiplication is suppressed by IdR. 

Before the demonstration that Idk passessed antivire] activity, 
studies in maweailsn celis, primarily neeplestic, had already established 
t nusber of mechaniens whereby hen interfered with the incerperation 
of thymidine inte ONA (71, 204, 207%. The structural simlsrity of Te 
and thymidine ia shown im Fig. 3. The only difference ia the substitu- 
tion of en iodine in the S«yesition in place of the watkyl ereup on the 
thymine mooity of thymidine. 

A a metabolic antagonist to thypidine (Tan lud way act at the 
level of thymidine kinase and prevent the formation ef thymidilyic acid 
(TMP) (Fig. 4). However, both Tan and IdR are phosphorylated by cellular 
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enzymes to their corresponding mono-, di- and tri-phosphete forms pricy 
to polymerisation inte CRA (Fig, 4 Legend), Competition between TMP and 
Lie for thywidylate kinase way inhibit the formation of TOP (Pig. 4, #2): 
similarly, competition by Tur and TTP for PWA-polymerase may inhibit 
WA synthesis (Fig. 4, 83). 

Move recent studies have revealed that TTP not only Funer jans as 
the lemediate precursor for DMA-thymidine, it aise acts as 4 requister 
of the formation of TMP. Evidence for its many sites of action has come 
from a number of studies. TTP seess te inhibit st least four enzyees 
involved in the synthesis ef TMP, including thyaidine kinase (207), In 
addition, both Ten and TTP may act ag inhibiters of the ensyne sparte 
transcarbamylase early in the eyele of prrimidine biosynthesis (267). 
Perhaps Ip, because of its similarity te TYP, aay aise act to inhibit 
these sane enzymes, and thus decrease the avpount of thymidine avellabic 
for DNA synthesis (Fis. 4, #4, 65). 

Ir would be important to knew whether the entynes mentioned above 
are more sensitive te the inhibitery activity of Ian er ite phosphorylated 
aorivatives in infected celle than inmminfected cells, No studies have 
been reported in vaecinia infections, but Pruseff, Bakhle and Sekely 
heve recently demonstrated ne difference in the susceptibility of thymi- 
dine kinase or thymidyiate kinase induced by herpes simplex te the 
ighibitory effects of Ban and TUMP (207), No reports have appeared an 
the affects on DHA-polywersse, bet if, as these studles suggest, the 


antivirel activity if LGR is not due prinari ly te specific inhibitien 
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of enzymes involved in the blosynthesia of DVA-thysine, [Udh may exert 
its antiviral effects os a consequence of its direct incorporation ints 
viral-ONA, the result being the formation of « “fraudulent DONA’ (Fig. 4). 

PFrusaff end his co-workers have demonstrated that TUdR, as iode- 

wracii (10), may replace 12% of OMA-thymine in vaccinia (206). This has 
vet to be demonstrated with herpes simplex, but oecurs to a limited extent 
with peeudo-rebies, a related virus (144). The effects of this sub- 
stitution en the properties ef celiular-PMA include an increased lability 
to stress and ieportent biological consequences which include an increased 
rate of mutation, increased errers in protein formation, an inhibition 
of cellular reproduction and an increased sensitivity to radiation (207). 
With regard te antiviral activity, the possibility that Fraudulent -D“ 
wey cause errors in protein formation is of greet interest, Sy comparing 
the pka values of thymidine and Id Pruseff hes calculsted that at the 
normal badly pH of 7.4 che proportion of the enolic form of IUdR exceeds 
that of thywidine by a factor of 4 (265), This would increase the 
probability of base-pairing errors, guanine being substituted fer sdenine, 
AS wany as 300 genetic sites en DNA could be altered by the incorporation 
of as little ae 1% of Iban inte DNA (2073, Reeultant errors in the 
replication of DNA might load to either viable or neon-viable mutants 
(Fig. 4, #6). Likewise, “fraudulent-DNA” ght lead te the ceding of 
sipilaviy fraudulent messenger-BNA and the synthesis of aberrant structural 
proteins or inactive enzywes (Fig, 4, 97). It is known that resistant 


strains of vaccinia may appear when allowed to grow in tissue culture in 
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the presegce of ah lethal cencentrations of Iden (76, 166), Mutant 
gtreaings of vaccinia may appear in cultures ef LH calle treated with [ude 
oy BUGR (76), These mutent strains are resistant to the antiviral effects 
ef these agente and are deficlept in their abilities ta induce thymidine 
and uridine kinase. It would be important te knew if this were the result 
of = coding error. In tissue cultures infected with vaccinia and treated 
with an, a large empant of non-infectious malformed virut appears (81). 
Bad may replace 154 of ONA-thymine, With TudR, treatment of celis in- 
fected either with pseude-rables virus (144) or vith herpes simplex (238) 
also results in the formation of structurally ieperfect viral particles, 
These observations raise the questions of whether a virus-specific 
enzyme ig necessary for the normal asseubly of viral NA ard protein 
into watwre virus particles, end if se, whether a "fraudulent DONA" re- 
suits in the production of an inactive “meturstion enzyme” or no enzyne 
at 311 (207). 

Clinteal use of Tuk 

Ian is a wenk ly acidic compound, having a pa of 8.5. It ls rele~ 
tively wistable to heat and oust be sterilised by flitration. ts lew 
solubility necessitates its use In solutions containing no ware then 8 
te Prag fed (289) Hecense ban is broken down in the gast rointest ins! 
treet, and therapeutic deses require large velumes, clinics) use in man 
is limited to intravenous adainistretion, 

Initial atudies in sice showed thet Tun was rapidly broken down te 


iedevracil, and then dehalogenated te form uracil and free Lodide (208). 
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These studies have been confirwed in wan (259). The rapid degradation 
and excretion of radioactive 1131 ver loads te the eppeaerance of 745 of 
the radiouctivity in the wrine at 4 hours, and 91% at 24 bears, Eighty 
three percent of the total radieactivity appeers as free iedide. Ag a 
consequence of its rapid breakdown adequate therapeutic blood and tissue 
levels of TUR persist ne mere than 4 hours, and probably less. 

The major problem in the clinical use of hen is toxicity, Exper- 
imental studies in mice have shown the acute lethal dose to be 2.Ss/kx 
(259). Intraperitoneal Iban given for 13 days produces an 050 ag 
Sigmg/ke. if 
4 weeks no toxicity aceura (116). In dogs lbs kg intraperitoneal ly 


DRA ere given for 8 days, or long per 25¢ animal for 


produces gestrointestinal and hematelecic abmormalities within 10 te 20 
gays (259), Adult rabbits are able to withetand relatively large deses; 
l20egs/ke every 8 hours fer & days has not produced any signs of clinical 
toxicity (48). 

Initial studies of the clinical phermacolosy of LUdR in aan were 
reported by Calebres! et al. in 1961 (44), Sixteen adult patients with 
advanced metastatic ep lexan were treated with daily infusions af from 
17 to 12 ud over a period of 1 te 5 hours. Total doses ever the 
course of treatwent ranged from 60 te 7fegske for periods of from 2 ta 
7 days, Detailed infersetion was presented on 6 of the patients ranging 
in age from 32 to 76 years. The ner toxic sanifestations of IUGR ther- 
apy were leukopenia, stomatitis end alopecia, The ecaurrence of gach 


end its relation te the tetel dose of the drug is suemarised in this chart, 
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adapted {rom Calebresi at al. (44). 


Total Doge Number of Courses Leukopenia Stomatitis Alopecia 
(mg/kg) (less than 
2900 or 60% of 
BBC's initially 


ele 4000 
§0-200 4 i None Nong 
200-400 4 NH 1 i 
400-600 9 7 5 7 
880 740 7 7 7 8 


tone patient died ef his 
disesse before alopecia 
could have occurred 


The first siga of texleity was atomatitis occurring usually on the 
4th to 7th day. lLeukopenia usualiy became evident on the Sth ta 14th 
day, with à return to pre-treatment or normal levels by 3 weeks. Alc- 
pecia usually began after 3 weeks and waa soften severe eneugh to cause 
tetal baldness. Tetel deses belew 400 KR caused toxicity in 2 of & 
eourses of therapy and these were minimal. Between 460-600ng/kz, toxic 
signa were very Frequent, and occurred in every patient treated at levels 
above O00mg/ke. In ne dase, however, was the eventual death of the 
patient ettributable te the drug, Other less iwpertant signs of texicity 
noted were anorexia, occasional alld nausea, vomiting and dlarrhes. 
Moderate thrombocytopenia was seen twice, and Wild iodism, as shown by 
edema of the eucous membrenes, acneform dermatitis and ptyalise, appeared 
in 3 patients. These subgided when therapy was discontinued. 


In the oniy other large series of patients raportad TUdR was given 
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Alone or in combination with 5-fluwere-z'-deoxyeridine (Fan! (164). The 
following table summarizes the dose and duration of each course of ther- 


apy, and the incidence of side effects. 


4% Patients 39 Patients 39 Patients 
ian LUdR ua 4 Fuad 
Siag/ke for SD- 1g, ER lw ER 7 .Smg/ke 
4-6 days por day 3 2 8 doses 


later ISeg/kg total dose: 
every aiternate 7246-8000c/ko 
day: tetal 


120-20 / 
Stomatitis 8 17 11 
Alopecia 2 14 2 
Ledien ~ 3 — 
Hausen 7 4 4 
Diarrhes 8 4 § 
Luken less than 1060 4 4 7 


The toxic effects were most severs in the most debilitated petlents, 
eapectally in these who had received prior therapy with baus marrow 
guppressing agents or who had poor renal function, Side effrets uniqus 
te this group of patients were a severe local reaction with bieb forma- 
tien at the site of infusion in a patient with urticsria pigmentosa, 

and phiebitis at the site of injection in two other patients, A tetal 

of 17 patients had profound toxic offects. Six of these died ai ali 

had received combination therapy. They previously hed shown severe 

rena! ipal rent, and their caurzen were characterized by severe dlarrhes, 
stesatitis, and bone marrow depression with terminal hemorrhage and in- 


fection , 
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Attempts to prevent the major aide effects have been made by 


Calabresi (46). Stomatitis and ipsilateral alopecia ware prevented 
during a course of IUCR therapy by concomitant infusion of 4mg/kg of 
thymidine into one of the external carotid arteries. local bene sarroew 
suppression wee circumvented by the infusion of Omg/kg of thymidine inte 
ene of the hypegestric arteries (189). Although these interesting 
studies support present umdersteanding of the locus of action and sech- 
isn of toxicity of Ilan, the methods used would not be practical 
adjuncts in the treatwent of severe viral infections such as smalipox. 
While dR nas deelided toxic effects, the limits of safe clinical 
une seem apparent, Whether large doses would be aceded to treat severe 
systemic viral infections is not hnown, Preliminary observations in men 
have shown thet vaccination “takes” can be orevwntad with lower doses 
{one total dose of 1Sdme/ke Tih, another courses of SOmg/kg of S-Ladn- 
2'-«deoxyeytiding daily for five days] (49). Experimentally it has been 
shown that the lesions of cutaneous vaccinia in rabbits can be sarkediy 
suppressed with doses of 120m¢/ig every 8 hours for 8 days without 
causing toxic side affects (49). It gust be adeitted that in bath in- 
stances the disease produced is primarily « lecai one and doses net seen 
to preduce significant systemic toxicity, Of added interest is the 
recent Finding that [dR can prevent the multiplication of herpes simplex 
in Bela cells at a concentration 1/15 of that required te imhibit cell 
reproduction (65), Whether sini fleent antiviral activity occurs with 


lower sub-toaic doses of IUGR in systemic viral infections such an 
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Ema pen renains toe be determined. 

The pessibility of late texie complications of Ihak therapy has 
been discussed in recent reviews (30, 260, 261). The incorporation of 
Iban inte DNA of norsal cells raises questions of subsequent laduction 
of neoplasms, potential genetic damage or infertility. Other corplica- 
tions whieh sight arise during treatment of acute viral illnesses might 
be the development of Ibek- resistant strains (42, 166). More recently 
it has been shown chat han way inhibit the preduction of interferon 
(128). Oniy further experimental and clinical trials can determine 
whether these potential cons liceéten de cecur, and if se, whether they 
are serious enough te preclude the uss of TUdR in the chemotherapy of 


severe viral infections. 
Suri dine (AzUR) 


Mechanisms of action of N 

The present interest in the investigation ef AsUR ag an antiviral 
agent is a direct outgrowth of previous attempts te develop specific 
sutagonists te pyrimidine biesynthesis which might be of therapeutic 
value in neoplastic diseases, Progress in this field has been poriedi- 
cally reviewed, most recently by Welch (50, 66, 121, 205, 261). 

The anti-neeplastic activity of AzU@ was first shewn in experixentel 
mouse tumors (131). It le remarkably stable compound and despite its 


close resemblance to uridine it is not susceptible in vive to cleavage 
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by nuclsosi dases. The studies of Handschumacher end his group have 
demonstrated the mechenisws of AR activity in mampuclian celis (126, 
195). The structural similarity between uridine and Azüß are shown in 
Fig. 5. At physielogical pH, the triazine portion of the azauri dine 
wolecule 13 approximately 50% non-ionized, and consequently in steric 
and ionic conficuration it is sir lar to uridine. Thus it is able te be 
phosphorylated by uridine kinase to fora scauridine~piee-phesphate (ASUMP) 
(Fig. 6, fi). Onee Ab has formed, the triazine is predominantly 
negatively charged and Axt now resembles orotidylic acid (GHP, Pic. 5). 
Thus it is able to inhibit competitively the activity of eretidviic acid 
decarboxylase (Fig. 6, #2). This enzyme converts oretidylic (OMP) te 
Inhibition of UMP synthesis by Az is reflected in a decrease in the 
incorporation of erotic acid and an increase in incorporation of uridine 
inte GNA {195}. The utilization of exogenows wridine in pyrimidine bio- 
synthesis is dependent upon uridine hinese (Fig. 6, #1), which acts te 
form UMP directly, eretidyli¢c acid decarboxylese being by-passed. AUR 
aione seems not te affect uridine kinase activity to any significant degree. 

More recently, studies have appeared which suggest that Az Uk sey 
have additionel sites of action, Ordinarily, AzWR inhibition of oretidyiic 
acid decarboxylase causes the accwmiletion of oretidylic acid, which is 
cleaves to oretidine end excreted in the urine. Studies followine the 
incorporation of labeled oretic acid into orotidine in AxUR~treated 


patients have suggested thet the large amounts of urinary orotidine 
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forned aun be accounted fer only by assuming that AZzUR causes an overall 
increase in pyriaidine biosynthesis (33, 261}. knie and Lubin have 
wade the important observation in cultures of Sarcome 180 cells that 
pyrimidine starvation induced by Az results in à 3 to 4-fold increase 
in the setivity of the eneyxe aspartate transcarbamylage (83, Fig. ). 
This effect is reversed by adding uridine and Aw simultaneously, 
suggesting that the induction of aspartate transcarbaemylase is under 
the control af an end product of pyrinidine biosynthesis, It may ho 
thet a deficiency of UMP follewing Axl inhibition is responsible for 
the increase In aspartate transcarbamylase activity, but it should be 
recalled from the previous discussion of Idk that thymidine (Tak) and 
thysidine tri-phosphate (TTP) may act as inhibitors of aspartate trens« 
carbaaylase (207). Presumably an Iüdk- induced deficiency of TTP might 
Sause an imerease in the activity of this enzywe, An AzUR-induced 
defictency of TTF might also have almiler effects. In sarlier studies 
Handschumacher increased the levels of OMP by adding excess oretic acid. 
Despite the eerease in OP, ALUR inhibition of oretidylic geld decar- 
boxylase was not overcese (120), This might be explained by assuming 
that OP strengly inhibits its own synthesis (120), A mechanism such as 
this might be at varlence with the euggeation that AsUR causes an overall 
increase in pyrividing biosynthesis, 

Studies in microbial systems have suggested that stauridine dishos- 
phate may Inhibit polynucieotide phespharylase but it is net known what 


significance if any this has in mamwsalian systems (205). 
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One of the mest encouraging results of these investigations has 
been the diseavery that AcUR exerts an anti-metabolic effect against a 
small ner of experimental and human neoplastic conditions, especially 
adult leukemia, while having little er ne toxic effect on norwal cells 
(47, 50, 86, 121, 261), It is believed that when the de nove pathway for 
pyrimidine biesynthesis ig blocked by Azus, normal calls are capable of 
abtaining an adequets supply of uridylic acid (UMP) through the shosphery~ 
lation of uridine by uridine kinase (Fig, 6, #13. Neoplastic colis 
mahle te form UMP from other sources, and therefore peculiarly dependent 
upon the de nove pathway, would be the only celis seriously affected by 
AUR. 

Ag with wany other anti-ectabolites, a stare of resistance or re- 
fruectoriness develops during treatnent with Ach. In some system this 
may be due in classical faxhiov to the selection of cells that ere 
deficient in uridine kinase, the enzyme which wust be present if AzUR is 
to exert its effect (121). In man, however, resistance or better 
refractoriness to therapy disappears when AzUR is withdrawn. This ra- 
fractoriness way be attributable te the induction of increased eneyvne 
activity aleng the de weve pathway of pyrimidine biosynthesia in the 
presence of AzUR (121, 261). These tue properties, slight toxicity and 
reversible refractoriness, wight. make Ark @ particularly valuable agent 
if it were shown to possess antiviral as wall es enti-neoplastic activity. 
The adventage of having an agent with selective texicity against viruses 
while being well tolersted by normal cells is ebviews, That refractori- 


ness to therapy appears gradually as the activity of normal cellular 
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enzymes is increased might be of special significance in the treatment of 
severe vival infections. AsUH Agent be able to exert its antivien? 
activity during the acute steige of the illness, thereby decreasing the 
amount of vivua presented to the hast defenses. If en overchelming 
viremia were prevented, end the host's task of ridding itself of virus 
made easier, later induction of new enzyzes along the de neve pethway of 
pyrimidine biosynthesis during the refractory period might be of little 
consequence. 

Antivizal activity of AzUR 

The initial observation on the antiviral activity of AUR was made 
by Rede and his group in 1960 (210). In tissue culture and om the chorie- 
allanteic meabrane infected with vaccinia Amn was shown to eause a 75% 
jahibition ef cytopathic effect at a concentration of 1.2 K 1074 (209 , 
210). The ratio of toxic to inkibitery concentrations WES Calculated 
as 14. Ho effect was seen with influenza A, Newrestie Oiseate virus er 
ens tern equine encephalitis virus, 

AU? alse hae a pretective effect in mice infected intracerebral ly 
with 400 Lig, of the IND strain of vaccinia (152). Animsis gives 2, omg 
daily for ) days died ome vey later than centrels. Similar results wore 
sven with intranese] ineculations, tUrethane petentiated the activity of 
AsUR, and it was suggested it did ao by facilitating the passage of AnUE 
into the brain. In eutaneous vaccinia in rabbits Snejkal desenctrated 
that 20Gng/ke of KAR given intravenously en each of 3 days surkediy in- 


hibited the appearance of lesions witheut preducing any signs of syste- 
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mic toxicity (234). These results have been confirmed in graster det af! 
by Calabresi et al, in studies comparing the anti-vaccinial activity of 
a number of pyrimidine nuclensides (44), IUdh was the most effective agent 
tested, AsUR was roughly half as active as Ih, bur this was significant 
in this systen (82). | 

Very few biochemical etudies have appeared deseribing the sffects of 
AZR en vacclnis-infected eslis, Resenbergeve and Rade have reported 90% 
inhibition of vaccinia by 4,1 x 10 % AI (217), fy weasuring P32 up- 
take into nucleie acids they found that infected but untreated calls 
showed an iserease in the amount of DNA ta 184% over control velue at 
24 howrs. There wae a slight fall in BNA from 24 to 48 hours. When 
treated with Arn, infected calls showed a marked decreese in DNA to levels 
45% of novel at 6 hours and 25% of norma! at 48 hours, In moral un- 


infected celis Ab caused o decrease in M. pa? 


usteke te 78% of normal 
at 12 hours. In infseted celia Aim caused an even greater fell in RHA 
at & hours. 

An intriguing observation hes recently teen sade on the levels of 
wridine kinsse induced in CAM following infection with waerinia (211). 
Enaywatic activity was determined by measuring the amount of Ai converted 
te AU, A two-fold increase in uridine kinase activity was observed 
in infected cells. One ig tempted to agree with the author's suggestion 
that in cells infected with vaccinie the induction ef uridine nase 
fortuitously provides for preater conversion of Ain te Ap, and hence 


inhibition of oretidylic acid decarboxylase, If the activity of uridine 
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31 
kinase plays a significant role in date raining the effect of AzUR on 
vaccinia, it aight be swapected that AzUA would be less active in the 
system of Dubbs and Rit in which Ibek and Nick resistant strains of both 
iM colle and vaecinia shew decressed ability to Induce thymidine and 
uridine kinase (76). This system might be useful te determine whether 
Aan is capable of using both cell-mnduced and viral-induced uridine 
kinase, 

Loh has recently reported on the effect of AgtM@ on tha synthesis of 
waccinia virus, but details are not availabie (167). 

Ir should be mentioned thet in addition to AgUR several derivatives 
of ateuraci! (Act), in particular t-sethyl«2, 4-dithio-6-azauraci], have 
shewm equal or greeter anti-vaccinial activity than Az on CAN (237). 
These derivatives have a surprisingly long duration af activity. However, 
the presence of the As momity might preclude these compewads from serious 
consideration at potential setiviral agents in aug. 

Clinical use of an 

For a mbar of years AUR has been studied in the treatment ef 
experiment timers and human neoplastic conditions, especially chresic 
leukewies, These results have been extensively reviewed, and emily the 
findings whichwould de of alenificance in the treateent of viral iliness 
Will be considered bere (80, 66, 121, 295). 

The rewarkabie absence of toxicity de te AgUR in man and a nunber 
ef experimental animals has bean attributed te the ability of normal cells 


te use pathways other chen the de novo pathway for pyrimidine blosynthesis, 
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82 
Snecificelly, AzUR hes no marked toxicity for the normal henntapeietic 
system, It has been of sowe benefit in treating levkenias, and with 
prolonged use its ability to cause wild anemia hay suggested a trial in 
Patients with polycythemia (52). Other clinical indications at present 
are mycosis fungoldes and especially psoriasis (51, 252), 

Arn iteelf dees not have any texicity for the rastrointestinal 
tract, but it is not gossible to administer this caepound oraliy. Intes- 
tinal conversion of AgiR to azaursci! (Az) with sbserptien of Az leads 
te profound central nervous system toxicity. Becently the intreduction 
of 2, 3°, &'-trlecetyi-b-acauridine hag made oral adwinistration possible 
(66), This compound is not converted to Azul in the vastrointestinal 
tract, but is converted to AnUR efter absorption. 

One of the digficulties of adainistering Azim intravenously is that 
of maintaining therapeutic bleod levels fer significant lengths of time. 
After 4 hours 75% is excreted unchanged in the urine: after 8 hours 95% 
(12). Therapeutic levels may last only I or 2 hewrs, With triacetyi- 
Arn rons] exeretion is prolenged and significant blecd levels may be 
wainteined during the 3 hours between doses (66). One other prob les 
that has arisen with regard te the hidney has been the appearance of 
erystalluria in seme patients. Large ssemts of orotic acid and gra- 
tidine are excreted, and in addition AztM appears to have a uricesuric 
effect (66, 121}. These probleas have not been of major sienificance in 
the clinical wanagenent of patients, and wight not be of significance in 


patients being treated for acute viral rather than chronic neoplastic 


Se 


oivelegesaned eee old ro eee autem on sad Med hes 
4 d bie ee eee int ee we 6 de wad FT cage * 


at tele beet aud within bie Gan we bt. wet en, 
2 nage kong bn inkte K . (U ieee vid 4. e 
„ten tus tense ur- base. ‘had e dee e ee e ene 

reh ody Go tpt yas eid 30 enn Ze e Aa, 
Ae .yilsve beten ebay venta lebe oF ‘atdtesoy toa eh + ied 0d 


be Uk to ESN MU e (Hed? Lek nA of n 10 a ketevnes tents 


atv oft “yrtasoen veto fn wanes — zend baushesd of 
eee e ee eee Lote ebda bun oath kran bebe kes“ ** . 20 
n net ens ak dan d bannen wen 21 bebe br fey) 

. eee wee sited 09 hesrowas at joe Somes 

ends et — Mish an reel 9 —— ee Ye 60 Werk 
seat? de ediged? d ng e atevet beet eee ve kassel Ye 
de eee eee eee oft ch eee eee eee 2 br este N c 
„Nass 142 dom crbod S$ 40 1 “ime teal wie elovel e ee eee et; 
od (an ebene! bald nge k lag le bos bebsoterd al doldetind tunen Mies 
agiderq wise e | OM) ec deewted owed 8 ee gels en eee e 

Yo viuarecyqu oft weed aad wetbid oy oF Enge iw wodbee aod fede 
sine bee bise stv6vo ho etaueme opi eee ee onde AL ere 


un lu « eval of axomaqn WW Leb. rd bem eee e ne 


al songottiovie ne, de axed ron ovat ae et Gr (et (98) soothe 
at osaaotilagte be od tox tidy he bow , etvrebeey Yo Teenager e e eds 
„ au h stnwrds aad? tedter hoviv ugeos 70% hovers aaied atesizag 


: 


83 
conditions . 

Aan way be administered in large doses without significant toxicity. 
Continuous daily deses of Gong kg or liGug/ke three times daily Intra- 
vengusiy have been well tolerated. Triacety1-AsU® 27Omq¢/ky orally three 
tines dal ly As without side effects, In rabbits Azüß has been given in 
doses as high os 400 te ASE three ties daily without causing texiec 
effects {52}. 

In summary, the unique absence ff significant toxielty and the con - 
venience of oral adminietration in its triacety] form would make Agi a 
highly attractive agent if it were shewn do possess activity against 
severe viral) infections ia aan. Compared te the thiosemicarbazenes and 
te IUGR, there have been few studies te demonstrate its activity against 
poxviruses, In the only direct soaparative study, AsUR was leas effective 
than HP in suppressing the cutaneous lesiens of vaccinia in rabbits 
(48). These results sheuld net discourage farther atudies of m in 
vaceinta and ether poxvirus infections, AsUR is considerably less toxic 
thon Ilidk, ani it may net be necessary to demand complete suppression of 
virus by an antiviral agent. A reduction in virel titer of 1 or 2 legs 
has been shown to be of significance in human ag well as experivental 
poxvirus infections (74, 262}. Whether Ain is espable of such activity 


in these severe systemic infections must be detersined, 
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IV, EXPERIMENT IN THE COMPARATIVE CHEMOTHERAPY OP SYSTEMIC VACCINIA IN 


RABBITS. 
Preliminary Considerations 


The search for effective chemotherapeutic agents for the treatment 
of viral diseases has produced three compounds which poesese significant 
antiviral activity against vaccinia, fheir possible mechaniems of action 
are aummarized in Fic. 7. 6-senuridine (AzUR) inhibits the cenversion 
of orotidylic to uridylic acid in the de nove pathway of pyrimidine bio- 
synthesis and thus may inhibit the formation of viral BNA and protein 
and possibly viral GIA, $-~-lode-2'-dceoxyuridine (TUdh) is an analogue of 
thy dine * way inhibit a number of enzynes in the de ngve pathway of 
pyrisidine biosynthesis. 

it. ig incorporated inte vival OMA, and the “framinient DIA" that is 
ferwed aay interfere with the correct ceding of viral RMA and the gyn- 
thesis af viral proteins. If viral particles fern, “fraudulent DMA" say 
cause then to be non-functional. Thiceesicarbazenes, snecifically isatin- 
&-thiosenicarbeszone (IT&C), appear to prevent the saturation or assembly 
of the wature virus particle, without altering viral CNA synthesie. 
Synthesis of a seail nuuber of Mral proteins, however, seems to be 
inhibited. 

The success of each of these agents against experiments) vaccinia, 


as well ss releted poxviruses aid other A- containing viruses has suggested 
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thelr potential usefulnets ia the treateent of han gmalipox, Antiviral 


activity ageinet vaccinia has been demonstrated by each in a number of 


experimental ystems, but there are hardly any data commsring these 3 


agents in a single systen, Present knowledge of thelr activity is cram. 


pared in Fig, . The data indicete that: 


1. 


2. 


3 
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Thiessmicarbszones are highly effective against intracerebral 
vaceinie in sice (20) but nothing is known about the serivity of 
YUdR and Ain in this system, 

In rebbits, Iban 13 tepically effective in vaecinial kerativic 
(186); Ant is not effective (52). Thiesexicarbazenes have not 
been tested. 

udn, and to a leseer degree Acie, protect against intradermal 
vaccinia in rabbits (49), but thicsemtcarbesones have net been 
impressive (32). 

Intracerebral vaceinis in rabbits hes reecived Little attention, 
but thiosemicarbazones hove ne effect (247). 

In wan, FUdR (49), but not AcUR (52) prevents primary veccine- 
tion takes, A recent study has shown that N-methyi-ITSC does 
not prevent prisery vaccination takes but maderately inhibits 
the sise of revacciastion lesions (266). 


In a variety of more severe vaccinial infections galy the thic- 


temicarbasones have been tried, but results are difficult to 


aagese (62, 69, 94, 234), ( 


In human smalipex N-methy1-ITSC has * decided effect chen given 
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prochylactically but is ineffective if therapy is delayed unt il 
clisical disease has appeared (26). 
the need for an effective chemotherapeutic agent in clinical smail- 
pox, and the absence of comparative studies on potentially useful drugs 
have formed the basis for this study. A severe systenic infection was 
produced in weanling rabbits by ineculeting them Intraperitonealiy with 
vaccinia. The chemotherapeutic activities of N-methy1-ITSC, [dh and 


A2UR were then compared in this ays ten. 
Materisis and Methods 


Nen Zealand weanling rabbits wers obtsined from a local supplier. 
Each fa weighed approximately kg. The sex of each enimal wee not 
noted, They wore kept in the main aniosli colony for 4 days in order to 
observe them for signs of illness, They were treated prophylactically 
with sulfamethazine (Sulmet, iGcc/galloa added to the drinking water) te 
suppress intestinal ceceldia (178). Treatment wes discentinued 1 day 
tefore the beginning of the saperiment te allow for urinary excretion of 
the drug, Animals were fed a normal laboratory dict and were offered 
water ad libitum. Bassline waights and hamatcerits were recarded, Total 
leukocyte counts were determined using the Coulter counter, Serum spes 


tens were obtained for pre-infection controls of subsequent viral assays. 
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A strain derived frem the Levaditi strain of vaccinia virus uss used 
in all experiments. Ihe virus had previeusly been passed by intrates~ 
tieular ineculstion in rabbite (59) and subsequently on the chericallanteie 
senbrene of emryonated eggs. Prior to use, it had been stored at 70. 
Virus wat thewed at room temperature, In the preliminary experiment io? 
and 1074 dilutions vere prepared using mediun 190 supplemented with 2% 
fetel calf serum (PCS), tn the final experiment 4 10 dilution was pre- 
pared with sterile sores! saline. This dilution is knoum te contain 
roughiy 3200 tissue culture infective doses (141530) {i74}, Within 30 
to 45 minutes all suimais were lacculated with in of the appropriate 
diiution. Inieetions were given intreperiteneally through the left lower 
quadrant . 

Segianing at the tise of infection, 211 animale in the final exper- 
iment were treeted every d hours for 5 days er until! secrifice, Injections 
were given subeutencously. Animels were divided inte 4 groups of 6 and 
therepy waa as fotiows: 

1, The first gram served eo the infected but untreated controls. 

Bach animal was given sterile normal saline, Sul every 8 hours. 
2. The second group wes treated with é-azauridine (AsUR} dissolved 

in sterile normal geline at a concentration ef 2Omg/ml, Pre~ 

vious experiments in rabbits had shown that doses up te ab EN 


every 8 hours could be elven for & days withewt signe of clinies} 
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toxicity {52}. It was decided te treat this grow with S0One/kg 
every h hours. The volune of wach injection was between 1,5 and 
2.0m. 

In the third group 5~iede-2'-deexyuridine (Ieh; wes prepared us 
a solution containing Seg/ml in sterile 8% dextvose and water, 
Previous studies had shown that rabbits could receive up to 120 
g every d hours for five days without evidence of toxicity 
(49}. The same dose was used in this experiment, Lingle injec- 
tions ranged in volume from 75-3001. 

The fourth group was treated with N-aethyl-~iaatin-f-thiosemlcar- 
hazone (ITSO). The drug was suspended in 8 dextrose and water 
at a concentration of long al. Trere are few date in the iltere~ 
ture de suggest an appropriate therapeutic dose of thicsemicarbe- 
tones in rabbits, Rabbits were not protected against cut nagus 
vaccinia when given bentaldehyde thicvesicarbazonse or clincho- 
ninaldebyde thicsemicarbarene 100-150mg/he intraperitoneal ly 
daily fer 6 to 8 days (248). Isatin thiosenlcarbasame, given as 
three Zerg doses intreneritenealiy within 49 bewrs of infec 
tion failed te protect rabbits against intracerebral vaceinia 
(247), No report was wade of drug toxicity. bauer was apie to 
demonetrate a high degree of antiviral activity against intra. 
cerebral vaccinia in lee by giving ITSC akg subcutaneous ly 
twice dally for § days (20). K-methyl-isatin-§-thiesend cavbasons 


has roughly tvice the antivire! activity of ite parent compound 
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{22}; therefare, a total daily dose of lk of the N-methy! 
derivative would be expected de give similar pretection. In the 
absence of specific data it was assumed that if rabbits were able 
to tolerate thiosealcarbazenes at doses of 100-15Gmefig ded iy 
for 6 to 8 days, they could tolerate the some dese of ITEC and 
half this dose (50-TSegfke) if given as 8-nethyl-isatin-8-thio- 
gomicarbazone, It wae decided to give each rabbit ö /kg deli 
for 8 days in a schedule af 20mg/ke every & hours. Single injec 
tions were approximately 2m) in volume, 
Course of infection and trestuont 
Wally observations were wade on ail aniwals and their clinical con- 
dition was noted. eights were recorded except on daye 5, 8 and 10. In 
& Feu aniwais showing diarrhes, microscopic examinations of the stool for 
coccidia were esde, and in one showing heavy excretion of these ova 
gimple replacement of fluid loss with 60m1 of norwal galing subcutaneous ly 
waa followed by clinical leprevement., Proquent bleed specimens were 
obtained fren each animal from the marginal vein of the ear. One to Zu 
wan collected. After centrifugation the cells were separated and the 
ge run saved for viral any. Capillary hewatocrite and total leukocytes 
counts were deterpined. 


— 


Animalia were chosen for sacrifice if they appeared cliniesally 111, 
When none of the animals in a group appeared 111, selection was arbitrary. 


Prelimisery bloed samples were taken from the serginel ear vein fer 
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hematocrit and tetal leukocyte determinations. The abdowen and anterior 
therex were shaved with an electric clipper and scrubbed with alcoho! 
preps. Sterile cardiac puncture was perforged, as guck blond being with~ 
draem as possible. Serum wae saved for virus essay. Anlaals were killed 
with an intracardiac injection of 20-4001 of air. The abdomen and peri- 
teneum were opened sseptically. Observations were recorded on the aut 
and nature of ascites when present, and on the gross appeerance of the 
visceral organs, particulerly the liver and spleen, Cultures of the 
periteoneai cavity were taken for bactericlogicoal studies and samples of 
ascites removed where possible for viral assay, Specimens of liver and 
spleen and alse lung and brain wore removed, All serum and tigseue spec- 
imeng were stored first at 78% and later at -20°C. 


Individuel organ specimens of appreximately lce were ground in the 
weld is either mortar end pestle er Ten Broeck grinders, Suspensions 
were made in 9m] of neden 199 supplemented with 28 FCS. After centri - 
fugation in the ald at 2000 rpm for 20-50 minutes, supernatant freetions 
were pipetted inte serew cap vials end stored at «20°C, 

Viral assays 

Cultures of a continuous line ef Grees monkey kidney cells @reen in 
monolayers were used for all viral agseays. “enkey kidney calls are known 
to support the growth of veecinia (100). stock cells were grown in Rou 
bettles in 4001 of wediun 19° supplesented with 15% PCS, peniciliin 


(100 wiits/ol) and streptomycin (10Qug/91}. Bhen d menolmyer had formed, 
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growth medium was decanted, and the celle washed once with 20-Hiel of 
Hanke s bananced salt solution (858), An 6.2% solutien of trypsin in 
phosphate buffered saline was added (20-2501) and after incubation for 
10-18 sinutes at room temperature, gent ly decanted. Bos d les were then 
inverted and incubated another 10-15 minutes, Cells were dispersed by 
wigerous pipetting using small volumes of mediwe 199, 154 PCS, then 
brought te a total volume of 40-501, lel volumes of this cell suspen- 
sion were inoculated inte constricted tissue culture tubes, rubber 
steppered and incubated horizontally at $7°C. 

When complete monolayers had fermed, wusliy after 3 or 4 days, 
growth Wadi en war removed and 0.901 of fresh endive 109 PCS wag added 
foxy muintenance, Specinene for viral essays were thawed at room tea~ 
perature, Serial ten-fold dilutions with adus 199 2% PCS were made 
where indicated. Yubes were ineculated with 0, 1% of the sample to be 
assayed, Each specimen was ssssyed in duplicate. Tubes were incubated 
hori zontally at 37°C and light microscopy readings for cytopathic ef fact 
(CPE) were mede at 24, 48 and 72 hours. The ond point chosen wae 68 
hours. CPE was graded a¢ follows: + * only a few small cytepathic feed 
present; ++ « approxisately 25% of the monolayer destroyed; eee 89 


destroyed; eee = 75% destroyed; , totally destroyed, 
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Results of a Ee z. Experiment 


In order to determine the dose of virus necessary to cause severe 
disease when inoculated intraperiteneally in wegnling vabbits, 5 eniwels 
were inoculated with Isl of a 10°? dilution of virus and 4 animais with 
lel of a 10 dilution, Careful observations of the clinicel condition 
of n ms vere not made, ner were weights taken, but it waa apparent 
thet the 5 rabbits which received the 10 dilution became seriously 111 
after 2 to 4 days. They were ali sacrificed between days 2 and 5. 1 
tiple serum specimens had been taken from each animel during the ceurse 
of illness and in ell of then virus was cultured frem undiluted specimens . 
Of the organs, oniy brains and livers were astayed, In 3 brains virus 
wes found at 10 diletion in 2, and at 101 dilution in the third, The 
livers of @11 5 animels grow owt virws in dilutions as high as 10"? and 
indications were that in at least te of these livers, virus could heve 
been recovered in even higher titers. 

In the grows of 4 animale that received ial of a 10 dilation of 
virus, the enimels appeared clinically well when sacrificed on days 3, 4, 
8 aud 17. All undiluted serus specinens were positive fer virus, even 
in the enimal killed on day 17. In view of the results to be reported 
in the final experiment, the presence of virug in the serum is diffleult 
to explain. The brains of the animals killed on days 4 and 3 yielded 
vires at 15 dilution, the brain taken on day 3 had virus present at 167}, 


The livers of #11 4 enimals were positive for virus, but at lower titers 


8 , MA 13 „ e ee ieee dee 

eο, eDj,d ot NT 1 de Sh ety bee er aebue a 2 0 * 
tanie ¢ .s2iddet AU. E al —— 
‘iv eke b lg aeg l. 40 Sad i, 01 6 Reda: ante pesmtevent e, 
apitienes icainéiy odg 20 saedSawrends t et mere . 4 
dann ee vey ti gad et aon chy SNE ¢ Caer som dee eee ee 
Le wahlen wegs a th * I sett eee thy hele a eee 2 addy. sede 
fo 62 bee 0 eysh consid eee he abe wer ash e eee 
de ⁰ο 07 paluwh iaenes. dope aogd pig? mood bad eee ee wee e 
abb bg n arf e n aes candy ee te s at bas aal 40 
L T agkard € af 1 e a ban enieed wing nere sae 2 
‘gad? vd? ot nt % 10 bens 21 a2 mo hieh th et va benen ap 

vee OL e ee an eee n a ee dee wong ee ds d Ida de wevit 
e, OA unοννe rt N wee Yo on seas? pe cd eee eee e eee ee 
e e e eee wi eee e 

voiteteh, Gf „ ip igi bevleoomt tact elation + to quote ene abe 6) 

* T teh ae Daohifrese nore Liew yilapiaiic — sieaiag ade «ey 
weve ,curziy 108 oviginey otow genentnage euren beset Mam (24 ~ 84 ee. 
og od OF Suren edt Se wol al .TE vn so boliid eee ott at 
e eee of auxee eos af tuyty Ae eee od? , snemiveqne ieafh ef ai 
hebioly d bas . antah-oo et 21 ine ad? to entand ef? -nhalexe 05 

. t 39 eee ewily bad € ys no mode? aieid ed? et: e Sa gα, 
#29329 towel te. dud , rs cm is e sien singing d bie te rern adf 


$3 

than in the shove group infected with the 10 dilution, In none of the 
liver specimens was virus found in dilutions higher than io", and this 
represents 100 tices less virus then In the more heavily infected grow. 

Because of the contrast between the severe illness produced in the 
group given a 10°? inoculum and the clinical well being despite the 
presence of virws in the group given a 104 ineculum, it was decided thet 
& 10 3 dilution might be sufficient te produce disense severe enough to 
kill seme but not 811 ef a group of untrested animals. In similarly in- 
fected but treated anizals, it was hoped thet therapy would be successful 
and would be reflected in a suppression or elimination of virus from 


serus and organ assays. 
Results of the Final Experiment. 


in order to facilitate discussion, animale will be referred to by 
an abbreviation for the group they wore in and the dey they were sacri- 
fieed or found dead. For example, C-3 will signify a control animal 
seerificed an the third day following infactlen: TudR-6, en anieal treated 
with 2UdR and saerificed on the sixth day. 
Clinical course 

Frem the results of the preliminary experiment, it was expected 
that acute illness would wake its appearance from 2 to 4 days after in- 
fection, and this indeed was the case, Animals C-, C-4, C-5 and Codi 


were all severely 111 and C-5 died spentaneousiy while ding prepared 
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for sacrifice, C- and €-11, newover, appeared clinically well. Beesuse 
ef the appearance of Lliness between days 3 to 6, this perliad will here- 
after be referred to as the acute period, 

In contrast te the controls, all animale in each of the 3 treated 
groups appeared clinically well during the acute period, and all were nel! 
at sacrifice with J exceptions. Ab- was found dead, as were two 
seiwmals treated with ud: TUdh-de and 10 an-. 

Grose lesions 

The presence of ascites, and the grass sppesrance of the liver and 
spleen were grades en a g-, basis. Results ere swamarized in Pig, . 
Observations vers not wade on C- or ITSC-6 and sseltes wes not recorded 
for AcUR-9, A definite pattern ewerged from these observations, During 
the deute peried C-d, C-5 and C- developed severe ascites, They sisa 
had significant lesions in their spleens and te a lesser extent in heir 
divers. These consisted of small white or yellow nodules and cyst-like 
lesions which studded the surface and appeared within the substance of 
each organ. Spleens in all ceses appeared enlarged. The general in- 
pression was one of scattered regions ef severe necrosis, These grose 
lesions were similiar to these described by Souclas, Fark and Price (7%). 
Of interest were the wild lesions seen in C-9 and the absence of lesions 
in C-ll, There may be an explanation for this finding in .- 11. At 
autopsy @ small, soft nedule was found between the akin and the abdowined 
muscles, This say have been a reaction te the ineeulus, and C11 sey 


have egcuped tue intraperitoneal infwotion. 
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In un teeated erowpe, gross lesions were considerably lese severe 
er absent, It is difficult te say whether any of the differences be- 
tween groups are significant, except perhaps for the definite ascites in 
A2UR-5, and the wexpleined presence of a large cystic liver in 1130-3. 

in rabbits with severe vaccinia infections Douglas et al, reported 
a 50% fail in the total erythrecyte count by the ck day after infection 
with a gradual return to normal (73). fetal leukocyte counts 11 for 
2 or 3 days, then rose to weximwe vn luns en the Sth day. In 311 animals 
in the present experiment, hewatecrits and total leukecyte counts were 
determined on an average of once every 2 days. lie tonglatent pattern of 
any kind emerged from either set of determinations, These results wild 
not be reported in detail. 
Bacteriology 

In all animals cultures of the poritenes) cavity were taken Lwed- 
jately upon opening the poriteneun, Samples were etreated on blood egar 
plates and ineculated inte thicglyeslate breath, Wins has reperied ne 
growth of becteria from the peritoneal cavities of wice infected intra- 
periteneally with ectromelia, theugh he has cautiously refused to rule 
out pleuropneumonia-like orgenisms as being reaponsible for the lesions 
seen (184), in thie experiment a few samples grew out gram-negative 
ergenises but no consistent pattern emerged in whick ons organism pra 
dowlnated. Unfortunately, a clerical error resuited in the loss of the 


finel report on these cultures. Despite the impres¢ion that bacterial 
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superinfection was net a complication of clinical iliness, it cemet be 


ruled out in the ahsence of the culture revert. 


Assays for the presence of virus in serum specisens from each of the 
4 groups were negative in all but ene instance, Samples from wach G 
aaj were taken on an average of once every 2 ay. Only in the saute 
taker immediately before the sacrifice of C- was virus found, and it 
was set present in a 10°! gilution. ‘These results came ag a surprise. 
in the preliminary study virus had been found in the serum of a1] animals. 
The rennen ker this discrepancy is net knewn, but it is not worwal to 
find that seme i¢ net a good seuree for virut. Virenia in veceinia 
seens to be associated primarily with the leukocytes (73, 239}, and the 
game condition seems to exist in amelipex (74). 

The results of virus asses of brains is shawn im Pig, 10. wires 
wes found in samples of brain froe all eemtrol anivalia sacrificed during 
the acute period, but net in C-9 or C-11. In the treated groups AI 
ang I7SC-treated aniwais were entirely free of virus. Ina the Iban 
treated group view wes found in PUdR-4 and oniy at 101 aiiveden. Three 
of the 4 control brains had vi ru titers that were higher than 101. 

Liver 

In Pig. II it can be sean that control uninals during the gema 


period yielded virus in dilutions up to 10°5, - and C- 11 ware free 
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of views. Two of the 4 animals in the AgUR-treated group yielded virus; 
AgUR-5 at a dilution of 10 None of the IUdR-treated animals yielded 
wirus, ITSC-5 wae the only animal in its group te yield virus, though 
in lew titer. 

seen 
im Fig. 12 the results clearly show that virus was recovered in 
highest titers from zpleen, In the control greup C-9 and (+11 were again 
frse of virus, but the animals secrificed during the acute period yielded 
virus, at dilutions free 10˙5 te 10 Of the AziR- treated animais, 3 
out of 4 anisale in the acute period yielded virus, The spleen from 
AIR wag lost in a laboratory accident, Az -I was free of virun. 
Two of the [Udt-trented andmals yielded virus; IdR at @ dilution of 


4 ond ter-ob at 1073, 


10 It should be mentioned that of all the sanples 
of brain, liver and spleen taken after the acute period, virus was re- 
covered only from this one Tudit-treated animal. ITS -A and ITSC-5 
yielded virus et 10 and 10°5 dilutions but the other 4 andaals were 
free of virus. 


Peritoneal fiuid and long 


These samples were saved in the event virel assays of brain, liver 
and spleen would be inconclusive. On the basis of the results of assays 
ef there organs, it wae decided thet assays of peritencal fluid and lung 
would have litt le more te contribute, and they were not undertaken, 

Ordinarily weanling rabbits shew a measureable weight gain from day 
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to day. Daily veights were recorded for each animal except on days 3, 
& and 10. The significant determinations are shown in Pig. 13. Each 
aymbol represents the change in weight in a single anamel from the time 
ef infection te the last weight taken before sacrifice, Animals are 
divided inte 2 groups; these in which virus was recoverad and those ia 
which no virus was reeovernd. The data indicate that: 

1. In the contre] group €-3, 4.4 and C-5 and Cs were able to 
gain at least a swall amcunt of weight befere sacrifice, des- 
pite their being severely 111 and having vires in brain, liver 
and spleen, C- was free of virus and gained weight normelly. 
411 was also free of virus, but it is possible that this 
mas! was not infected intraperiteneally. It is not known 
why C11 was uneble te gain weight newmaliy. 

4. Three AzUk-treated animals yielded virus, but none lest weight, 
Trey were all clinically well, It wight have been expected 
thet AgUR-~6 would have gained some weight. In this aniwel 
grese lesions of the liver and spleen wore minimal, but the 
spleen was preativ onlareed, Of the 3 animals with no virus, 
AxUR- and AglR-11 geined weight normally, but AsUR-0 gained, 
then later lost weight. This animal was found dead, 

3. None of the 1UdR-treated animals weve able te gain weight, In 
the grow of 3 with ne virws, ue ob showed considerable weighs 
10% and was found dead. TR Sa had virus In his spleen andi 


was also found doa’, 
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4, In the ITSC-treated grep, ITSC-~3, ITSC-6, ITSC-9 and ITSC-11 
gained weight nerwally and appeared clinically well. However, 

in the 2 aniwals in which virus wae recovered, ITSC-5 gained no 


weight and 1730-4 lest weight, 


Eisens en. 

Although intrageri teneal inegulation vas used by Douglas, Smith and 
pries to preduce severe vescinia infections in vabbite, very little is 
known about the disease (73), The Levaditi strain of vaccinia dows not 
cage a severe illness when inoculated intraperitoneally in wiee (35). 
Ectromelia, however, is knewn te produce serious infections in wice after 
intraperitoneal ineculation to, 184, 2673. Fenner deseribed this as an 
eapeclaliy severe disease, with s rapid course of 3 days or less, involve 
ment of the liver and spleen, and # characteristic accumulstion of ascites 
and pleural effusions (90}. Schell has stated that lethal infections 
result from intraperitoneal inoculation of only one particle ef the highiy 
jafectious Moscow strain of ectromelia (247), 

In this experiment « severe infection was produced in weanling 
rabbits following intraperitoneal inoculation with vaccinia, Adult rabbits 
are not as susceptible te the same infection (32, 174}. Tho reasens for 
this difference are not known, Yn weanling rabbite the disease has a 
short incubation period before signs of clinical iliness appear, wiuelly 
by the third day. Animals become ligtleas, anoretic and are soon moribund. 


At autopsy the liver and spleen show gross evidence of disease and thare 
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ig severe ascites, The disease pattern is similar te what has been das 
cribed pxrevioasly with intraperiteneal weeeinia in rabbits (73) and 
ectromelia (80). Altheugh the cowr'se of clinical illness, morphologic 
findings and in eus cases, viral titers ere known for several int ra- 
peritones)] pexvirus infections, nothing is known of the physiclegic dis- 
turbances whieh accompany severe clinical illness and lead te death. 

The specific role of antiviral chemotherapy can be evaluated enly ven 
ail of the factors contributing te poxvirus toxicity are recognized. 
The findings ef Boulter et al, are enough to suggest that antiviral 
chemetherapy alone is likely te be incomplete therapy in systemic pox- 
virus infeetions (34). 

The aystemic infection preduced by iatraperitoncel inoculation ef 
weanling rabbits has been used to compere the sutiviral activity of 
Aste, TtidR and IVSC, wring the acute period animals ic each of the 
treated groups appeared clinically well, while untreated control animals 
were severely 111. Viral assays of brain, liver and spleen from ail 
anieuls suggest that Az is moderately effective in suppressing vec- 
Enis, dR and [TSC possess a greater degree of entiviral activity. 
The yesults with lde and Agi! in this syatemic infection are similiar to 
previous results in the therapy of evtaneous vaccinia in rabbits (49), 
In this wilder infection IUGR was more affective than ArUR in suppressing 
viral lesions, but ArUR was definitely active. The present study has 
aise shown that ITSC is effective as an antiviral sgent in rabbits in- 


fected with vaccinie. This runs counter te the experience of Therpson 
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et ai. who fend thicsemicarbszongs to have ao effect against vaccinia 
in vabbita (2473. 

The clinical effects of therapy sre reflected in the weight changes 
in each of the trested groups. Contre] aniwals rapidly became 111 but 
did aot tase weight. AsUR~treated animals followed a si ler pattern 
except for AgUR-?, ‘This animal wea found dead but withewt virus, Tt is 
not known whether Azin itself contributed te this outcome, Ilidh-troated 
mals fest weight during the acute period whether or not they had 
virus and derpite their appearanes of being well. IVdR-9a and TUdR- b 
alse lost weight, and altheugh one anime) hed virus, the fact that both 
wate found dead after the acute period raises the question of drug tex- 
deity, The dose of Iban was Ig KR every & hours end was besed upon 
previous studies in which the seme dose wae given te adult vabbits with 
no evidence of cliniesl toxicity (49). Weenling rabbits may be score 
wusceptible te the texic effects of thek than adult rabbite, Although 
4 rec. trosted rebbite with ne virus gained weight, 2 niels had virus 
and did not gain welght. both were sacrificed during the acute period. 
It it rowsonsbie to gun thet their lever weights reflect the infec 
tien rather than therapy, eitheugh there is no direct evidence to rule 
mut drug toxicity. In tai experiment, dese schedules for all three 
agents were based upen dats derived from other oystems. It was hoped 
that the question of drug toxicity weld not have to be raised. The 
deta, however, nate it way have been a complication of therapy in 


some animals, Further studies in this system will be necessary to 
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determine a dose schedule for wach agent which produces meximal antiviral 
activity with accountable or ne toxielty te the host. 

Vaccinia is known to become resistant to dan (76, 166), Of all the 
anivala sacrificed outside the acute period, virus was recovered from 
ny one, IR-. Whether this was a resistant strain {4 not known, 
Futura studies should attempt to demonstrate specific resistence to TUR 
in any persisting virus, end else determine whether resistance is accon- 
panied by any change in the virulence of the virus for the host. 

Altheughk Ai, an and ITSC nave showm sienificant entivival activity 
against vageinis, therepy was begun at the time of infection, net ai the 
onset of clinical disease, Cutaneous vaceinia in rabbita has been 
suppressed by Ian when therapy was begin 44 hours after infection (49). 
In mice, IPSC wey alse confer protection against vaccinia when therapy 
ig delayed, The results of the present experiment should encourage 
studies on the antivirel activity of Axi, TdR and ITSC when therapy is 
delayed with] the onset of clinical disease, 

In summary, a severe systemic infection has been produced In weanling 
rabbits by intreperiteneal inoculation of waccinia virus. In this 
System, AUR te mederately effective against vacelnia while Iban and 
TSC possess a greater degree ef antiviral activity. Altheugh questions 
have been raised regarding drug toxicity and the emergence of drag 
resistant viruses, the demonstration of significant antiviral setivity 
indicate that further studies with these agents in vaccinia infections 
pay contribute to the search for an effective antiviral agent agsinst 


clinics) smalipox, 
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v. PENAL CONSIDERATIONS ON ANTIVERAL CHEMOTHERAPY 


The search for effective chesmtherspeutic agente fer the treatment 
of viral diseases is in its infancy. By comparison, the development of 


anti-bacterial agents has heen enor 


asly successful. The goal has been 
to discover the fundamental biochemical mechanisms of the offending 
nicroergandsa or virus which are qualitatively different from those of 
tee nest coll and vulnerable to attack by chemotherapeutic agents, bes- 
pite the success of antimicrobial sgents, these mechanisms have been 
elucidated in only « fow instances. 

With viruses the tesk is far more difficult, Their intracellular 
habitat wakes them elusive. The similarity of their biochemical mach- 
anisms to those of the host call wake the search for subtle avalitative 
differences far wove foreidabie, In sene instances, the hope is merely 
te find an essential blechemical property of the wirus which is quan- 
titatively different from that of the hese coll. 

Yet for all of these difficulties progress is being made, ith 
each advance in the widerstanding of the molecular bielegy of viruses , 
new sites of attack appear. The enormous efforts that have gone inte 
the search for anti-neoplestic agents has already uncwrered cospounds 
with exciting antiviral possibilities. 

The largert proportion of viral infections thet effect man are wild, 
trensient, often asyapteastic and were & wauisance than a threat to human 


life, Many people would be willing to accept as part of the viesicitudes 
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erf life the social end economic loss which result frwe repeated virel 
illnesses, But not 311 viral infections are inecueus, A few viruses 
sre always virulent, and eany of the so-called inocuow viruses may 
cause severe complications and often death in those who suffer fron 
fotelly unrelated diserses, ffforts to contein viral diseases have 
deun divested toward programs of prevention--senitation and vector 
control, vaccination and quarantine. Suecess in these areas hes been 
anormous, but by no waans wiiversal, Wherever poverty and ignerance 
are found, success will always be partial Where indifference appears , 
disenae will strike. And once it has struck it ust be treated, 

Few virus diseases better illustrete this problem than smallpox. 
Despite widespread vaceinatien, large pepulations still go wiprotected, 
in regions where vaccination has made smallpox an unknoen disease, 
immunity wones and the danger of widespread spidemic is ever present. 
Each year there ere 100,000 cases of emalipox and 25,000 deaths free 
this disease, The tell in busan fe in wany areas of the world is 
frightening; the threat even ‘ the most civilized commumities en out. 
tage. There exists a real need for an effective agent in the treat- 
went of senlipox and it is hard te dwagine a time when preventive 
measures will become sa successful that such an agent is unecessary. 

Recent studies in experimentel poxvirus infections have shown that 
the thiesemlcarbazones , 5-iedo-2'~deoxyuridine and G-auauridine possess 
significant antiviral activity. Experience thus far should encourage 
further investigation of these agents az part of the continuing search 


for en effective agent against clinical smallpox. 
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The Sequence of Vaccinia Uptake and Replication in L Cells 


Within a few minutes of infection, vaccinia is adsorbed to the 
outer membrane of the cell (1). It is then transferred by phagocytic 
vesicle into the cell (2) where its outer coat together with the vesi- 
cle is disrupted releasing the DNA-containing viral core into the cy- 
toplasm (3). Viral cores reach their maximum number one hour after 
infection. By this time, viral cores begin to break down, releasing 
their DNA (4). Sometimes the core breaks down completely; at other 
times a break appears in its surface allowing the DNA to leak out. 
This "naked DNA" then comes tog fa — 


Cc 
ribosomes (5). It is he 


e 8 
ies" which are surrounded by clu . r 
ized. Three hours have elapsed 


that new virus particles are synth 
since infection. 

At four hours spherical membranes coated on their outer s 
short cylindrical projections become evident within the ''factories 
(6). A large proportion of these immature virus particles possess 


e 

ther in foci of viroplasm or 
2 
5 


5 
dense nucleoids. Occasionally nucleoids without surrounding membranes 
are observed. Each nucleoid consists of dense filaments arranged para 
llel to the long axis of the nucleoid. iral material once segregated 
Within a surrounding membrane undergoes rearrangement into the brick- 
shaped mature infectious viral particle (7). (Adapted from Dales S. 


J. Cell Biol., 18:51-72, 1963.) 
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Possible Sites of Antiviral Activity of 5-iodo-2'-deoxyuridine (IUdR) 


| IUdR | 
| or 
| IUTP 
Aspartate 7 
75 
. 5. 
Carbamylphosphate ty 


Orotidylic acid 


| 


* TdR 
Uridylic acid 8 0 
1 
, * TMP & 
Cytidylic acid 5 
TDP < 


¥ ) 
TP «< 


v-RNA TTI 


V- Protein V- DNA «z 


\ . 


* 4. 
mature, infective virus 


Legend: 


Enzymes 

1 = thymidine kinase 

2 = thymidylate kinase 

3 = DNA-polymerase 

5 = aspartate transcarbamylase 


7 


— , f-v-DNA f£-v-Protein 
* 


8 2 

* J. 

immature, non-infective 
virus 


TdR = thymidine; TMP, TDP and TTP = thymidine mono-, di-, and tri- 


phosphate 


IUdR = 5-iodo-2'-deoxyuridine; IUMP, IUDP and IUTP = IUdR mono-, di-, 


and tri-phosphate 


Vv = viral f-v = fraudulent viral 


Fig. 4 


STRUCTURAL SIMILARITIES BETWEEN 
URIDINE, 6-AZAURIDINE AND OROTIDYLIC ACID 
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